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ABSTRACT
High temperatures can cause delayed flowering in poinsettia (Euphorbia pulcherrima
Willd. ex Klotzsch), a phenomenon known in the industry as heat delay. The poinsettia
wholesale market is concentrated to a relatively brief period from early-November through earlyDecember putting growers at risk to heat delay. This problem is compounded by the unusual
weather patterns created by climate change. The objective of this thesis was to identify periods in
which poinsettia flowering is sensitive to high temperatures. First, the weeks within the growing
season when the plants were sensitive to high temperatures were identified (Chpt. 2). Then
within those sensitive weeks, the hours within a 24-h cycle when the plants were most sensitive
were identified (Chpt. 3). In Chapter 2, two experiments were conducted; one experiment was
conducted in greenhouses under natural daylength (ND) conditions while the other was
conducted in growth chambers with LED lighting that initially provided a 11 h 01 min night
length (NL) that increased by 2 min each day to simulate ND conditions in September and
October at 34°N.Lat. One group of plants was moved each week from a moderate-temperature
environment (22 °C average daily temperature [ADT]) to a high-temperature environment (28 °C
ADT); plants spent one week in the high-temperature environment before returning to the
moderate-temperature environment and being replaced by the next weekly treatment group. This
treatment period lasted for 7 or 8 weeks for the growth chamber and greenhouse studies,
respectively, after which plants were finished in a 22 °C ADT greenhouse. An additional group
of plants was kept in either the moderate- or high-temperature environment for the entire
treatment period to serve as controls. Four cultivars were grown in the greenhouse experiment:
Advent Red, Freedom Red, Prestige Red and Tikal Red, while only Prestige Red was grown in
the growth chamber experiment. Advent Red was identified as the most heat tolerant cultivar
2

followed by Tikal Red, Freedom Red and Prestige Red. Periods of sensitivity to high
temperatures for Advent Red, Tikal Red, Freedom Red and Prestige Red were 4-Sept. to 1-Oct.,
11-Sept. to 8-Oct., 11-Sept. to 22-Oct. and 4-Sept. to 29-Oct., respectively. From the growth
chamber study, a period of temperature sensitivity was identified when night lengths were
between 11 h 01 and 12 h 37. Within these periods of sensitivity to high temperature, time to
visible bud and anthesis were most affected by high temperatures in earlier weeks while final
bract color development and time to first color were more affected by high temperatures during
the latter weeks. Across both experiments, Freedom Red, Tikal Red and Prestige Red
experienced delays to anthesis >1 d per day of high-temperature treatment suggesting a residual
impact of high temperatures. In Chapter 3, over 2 weeks Prestige Red plants were exposed to
high-temperature treatments of 28 °C during four periods of a 24-h cycle (12-h night/ 12-h day):
the first 6 h of the day, last 6 h of the day, the first 6 h of the night, or the last 6 h of the night.
Additionally, plants were exposed to the high-temperature treatment during the entire 12-h night
or 12-h day period within a 24-h cycle as well as a moderate- and high-temperature control for a
duration of 2-weeks. Following the treatment period, all plants were moved to a glass greenhouse
to finish flowering in moderate temperatures (22 °C ADT) under a 12-h NL. High-temperature
treatments applied during the last 6 h of the night, the entire 12 h of the night and the entire 24-h
period caused the most significant flowering delays. There were no significant differences
between these treatments indicating that these delays were primarily due to high temperatures
during the last 6 h of the night. High-temperature treatments applied during the first 6 h of the
day and entire 12 h of the day were significantly less impactful. For most floral responses, there
was no significant difference between these two treatments indicating that delays in the 12-h-day
treatment were primarily caused by high temperatures during the first 6 h of the day. High-
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temperature treatments applied during the first 6 h of the night and last 6 h of the day resulted in
comparatively minor flowering delay.
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LITERATURE REVIEW
Photoperiodism
Hamner and Bonner (1938) discovered on Xanthium that interrupting a long dark period
with a short duration of light prevents flowering while a short period of darkness interrupting a
long photoperiod did not impact flowering. This showed that photoperiodic regulation of
flowering was based on the night length (NL) rather than day length; however, the use of the
terms short day (SD) and long day (LD) to describe photoperiod responses has persisted.
Long day and SD responses can be further divided into obligate or facultative responses
(Roberts and Summerfield, 1986; Thomas and Vince-Prue, 1997). Plants with an obligate
photoperiodic flowering response will only flower when NL is above (SD) or below (LD) a
species-specific threshold called the critical NL. Critical NL varies between species and cultivars
and is also influenced by external factors such as temperature (Roberts and Summerfield, 1986).
Facultative photoperiodic plants initiate flowers regardless of photoperiod and thus technically
do not have a critical NL. However, flowering will be promoted in facultative LD plants by a
short NL or a long NL for facultative SD plants. (Dole, 2015). Dole illustrates this concept on
specialty cut flowers, exposing eight species to three photoperiods of 8, 12 or 16 h. All species
flowered regardless of photoperiod indicating that there was no obligate photoperiodic flowering
response. For the LD plants tested, Ageratum, Antirrhinum, Carthamus and Tagetes, 8-h NLs
had a stimulatory effect on flowering compared to longer NLs. For the SD plants tested, Celosia,
Cosmos, Helianthus and Zinnia, 16-h NLs had a greater flowering response than 12- and 8-h
NLs.
Physiology of photoperiodic flowering
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When determinate flowering plants are provided an inductive photoperiod, the apical
meristem changes from vegetative to a floral meristem terminating any further vegetative growth
(Taiz et al., 2018). Eventually, this floral meristem develops into a flower or inflorescence. In
contrast, the apical meristems of indeterminate flowering plants remain vegetative even after
they are exposed to inductive photoperiods as it is the axillary meristems that transition from a
vegetative to a floral state. The primary sites for photoperiod perception are the leaves (Thomas
and Vince-Prue, 1997). Knott (1934) performed research on Spinacia oleracea, a LD plant, and
found that when leaves where exposed to an inductive photoperiod, floral initiation occurred
whereas plants remained vegetative when the apical bud alone was exposed to the same
inductive photoperiod. Similar studies have led to the same conclusion that leaves are the site of
photoperiodic perception in both LD plants (Anethum graveolens, Brassica crenata, Hordeum
vulgare, Lolium temulentum) and SD plants (Xanthium strumarium, Glycine max, Kalanchoe
blossfeldiana, Dendranthema grandiflora and Perilla) (Halevy, 1985; Lang, 1965; Vince-Prue,
1975). Zeevaart (1958) took leaves from induced SD plants of Perilla and Xanthium and grafted
them onto vegetative stock in a non-inductive environment resulting in a flowering response that
continued for up to three months. Additionally, Zeevaart conducted studies in which leaves of
Perilla were excised from the plant and then exposed to inductive photoperiods in isolation
before being regrafted onto vegetative stock. Again, grafting of an induced leaf to a vegetative
stock resulted in a flowering response. Similarly, excised leaves from the SD plant begonia were
placed in an inductive photoperiod, resulting in flower initiation in developing adventitious buds
(Rünger, 1957). These studies indicate that leaves are able to perceive photoperiod and then
transmit a stimulus that induces a flowering response in receptor sites. Vince-Prue and Thomas,
(1997) hypothesized that the signaling molecule being exported from induced leaves is a floral
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hormone termed florigen. More recent research has identified florigen as a mobile signaling
protein (rather than a floral hormone) expressed in leaf phloem and then transported to apical
meristems initiating floral transition (Tsuji and Taoka, 2014). Thus, photoperiodic signaling
occurs in this sequence: the photoperiod is perceived in leaves, florigen is exported from the
leaves to shoot receptors leading to the formation of floral meristems. Subsequent development
of floral primordia following the arrival of the florigen in the shoot meristem is termed evocation
(Thomas and Vince-Prue, 1997).
The ability of plants to perceive photoperiod requires both the ability to distinguish
between dark and light periods as well as to measure the length of dark periods. Plants utilize the
photoreceptor phytochrome to distinguish between light and dark periods (Taiz et al., 2018).
Phytochromes are the primary photoreceptors for red and far-red light and exist in either the
inactive, red-light-absorbing form called phytochrome red (Pr) or the active, far-red-lightabsorbing form (Pfr). Phytochromes are assembled in the inactive, Pr form and then converted by
exposure to red light to the active Pfr form. Phytochrome can then be rapidly converted back to
the inactive form by exposure to far-red light or it will slowly revert to the inactive Pr form in the
absence of red light. Thus, plants are able to distinguish between light and dark periods based on
the ratio of Pr:Pfr present with a high Pr:Pfr indicating a dark period and the inverse indicating a
light period. The unique ability for phytochrome to convert between inactive and active forms is
known as photo-reversibility. Downs (1956) was able demonstrate the photo-reversibility of
phytochrome through night-interruption experiments. Glycine max and Amaranthus palmeri, SD
plants, as well as Hordeum vulgar and Hyoscyamus, LD plants, were placed under long nights
with a brief irradiance near the middle of the dark period. This exposure to red light inhibited
flower initiation in SD plants and induced flower initiation in the LD plants tested. However, this
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red light response was reversed by far-red light irradiance immediately following the night
interruption treatment. Cathy and Borthwick (1957) found similar supporting results in their
experiments on Chrysanthemum. It was found that a short exposure to red light in the middle of a
long night had an inhibitory effect on flowering of the SD plant Chrysanthemum. Again, this
inhibitory effect was undone by exposure to far-red light immediately following the red light
exposure. Additionally, in both experiments when far-red and red light were cycled in varying
orders, it was the last exposure that determined the impact on flowering (Cathey and
Borthwick,1957; Downs, 1956). These experiments clearly demonstrate the photo-reversible
action of phytochrome, where plants perceive uninterrupted long nights as a dark period due to
the reversion of Pfr to Pr in the absence of red light. This results in the promotion of flowering in
SD plants and inhibition of flowering in LD plants. However, a short exposure to red light causes
the conversion of Pr back to Pfr, causing the perception of a light period by plants reflected by
inhibition of flowering in SD plants and promotion of flowering in LD plants. Subsequently, an
exposure to far-red light following the red light exposure converts Pfr back to inactive Pr, thus
causing the perception of a dark period, as reflected by the promotion of flowering in SD plants
and inhibition of flowering in LD plants.
In addition to phytochromes, plants also have an internal clock called an endogenous
oscillator, which is crucial to the measurement of dark periods. This concept was first proposed
by Ewin Bünning in 1936 and then expanded upon in more detail in his publication to the 25th
Cold Spring Harbor Symposium in 1960 in which he concluded that plants possess a
physiological clock that is crucial to signaling various physiological processes (Bünning, 1960).
This hypothesis was supported by practical observations of plant behavior in which movement of
leaves, opening and closing of flowers, and many other physiological processes occurred
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predictably on a diurnal basis. In fact, these processes continue with the same regularity even
when plants are placed in continuous darkness, further supporting that this is an internal process
rather than a response to external stimuli (Thomas and Vince-Prue, 1997). Additionally, Bünning
(1960) proposed that this endogenous oscillator was responsible for diurnal sensitivity to light. In
earlier experiments done by Downs (1956) and Cathey and Borthwick (1957) plants subjected to
long nights with a short burst of light in the middle of this dark period would perceive a short
night. However, as Bünning (1960) notes, illuminating plants at different points within the dark
period produces varying degrees of effect. Harder and Bode (1943) provided Kalanchoe
blossfeldiana, a SD plant, with a 13-h NL and applied 1 min of night-interruption lighting every
2 h. They found that the amount of floral inhibition resulting from the night interruption lighting
varied depending on the h it was provided, with maximum inhibition achieved by light
interruptions near the middle of the dark period (Harder and Bode, 1943). This supported the
idea that it was NL that was most essential to signaling plant photoperiodic responses and that
illuminating near the middle of the dark period was most impactful as it would break the dark
period into two smaller parts. However, it is not always the case that night interruptions are most
impactful in the middle of the dark period. Claes and Lang (1947) illustrated this in their
research on flowering of Hyoscyamus niger, a LD plant. They provided either a 5-h (0700 HR to
1200 HR) or 7-h (0700 HR to 1400 HR) photoperiod and either 1 or 2 h of night interruption at
different h of the dark period. It was found that the maximum impact of night interruption for all
treatments was at 2300 HR, 16 h from the start of the light period regardless of the photoperiod.
This supported the idea that the endogenous oscillator also regulated diurnal sensitivity to light.
Coulter and Hamner (1964) performed an experiment on Biloxi soybean (Glycine max L. Merr.)
in which plants were provided an 8-h photoperiod followed by 64 h of continuous darkness.
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Within this dark period, light-interruption periods of 4 h were applied every h for the entirety of
the dark period. Flowering data collected at the conclusion of the experiment indicated that
diurnal fluctuations to light sensitivity, indicative of an endogenous oscillator, continued at
regular intervals despite the extended dark period (Coulter and Hamner, 1964). From these
experiments the external coincidence model was created asserting that the photoperiodic
circadian rhythm is controlled by an endogenous oscillator and that it contains both lightsensitive and light-insensitive phases (Thomas and Vince-Prue, 1997). If light is provided in the
light-sensitive phase, it will either promote or inhibit flowering in LD plants and SD plants,
respectively.
Although photoperiodic circadian rhythms will often persist for several days when placed
into darkness, under natural conditions where photoperiods gradually change depending on
season, these rhythms also gradually change. Circadian rhythms are calibrated to these changing
photoperiods throughout the year by dusk and dawn periods (Thomas and Vince-Prue, 1997).
Timekeeping for light and dark periods begin as light intensities rise above or below a threshold
at dawn and dusk, respectively. This idea has been supported by several experiments in which
plants were moved from high- to low-light intensities either abruptly or gradually as to replicate
natural conditions (Lumsden and Vince-Prue, 1984; Takimoto, 1967). In all cases, timekeeping
began when light intensities fell below a species-dependent threshold (0.012 to 6.12 µmol.m-2s-1).
Additionally, light spectrum may play a role in entraining the endogenous oscillator as
twilight has a spectrum with relatively high far-red:red light and is richer in blue light compared
to the rest of the photoperiod (Thomas and Vince-Prue, 1997). However, the exact significance
of light quality on entrainment of the circadian rhythm is still not fully understood as
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environmental conditions such as cloud cover and high altitude can also significantly alter the
light spectrum.
Temporal sensitivity of flowering to heat stress
Sensitivity to heat stress is often at its maximum during specific points in a plant’s
developmental process. To determine these periods of sensitivity, reciprocal-transfer experiments
are conducted where plants are moved between an optimal temperature and a supra-optimal
temperature. This method allows researchers to pinpoint specific hours, days, weeks or months in
development that are most sensitive to high temperatures.
Reciprocal transfer experiments have been performed on a variety of agronomic and
ornamental crops. For instance, Karlsson et al. (1989) transferred chrysanthemum
(Chrysanthemum x morifolium) between average daily temperatures (ADT) of 10, 15, 20, 25 or
30 °C at specific developmental phases. These phases consisted of start of SDs to visible bud
(VB), VB to disbud (10-mm-diameter terminal flower bud), disbud to first color on bud, and first
color to fully expanded flower. Results showed 20 °C ADT was optimal for floral development
while temperatures below or above this optimal temperature delayed flowering. Additionally,
from the start of SDs to VB cooler-than-optimal temperatures delayed flowering more than
higher-than-optimal temperatures while the opposite was true for the time from first color to
fully expanded flower. Similarly, the impact of temperature on cape daisy (Osterospermum
jucundum) flowering was determined using reciprocal transfer between a cool (12 °C) and warm
(22 °C) growth chamber (Adams et al. and 1998). Plants were moved between chambers twice
weekly for 45 days. It was found that time to flower was greatest when plants were exposed to
the higher temperatures between Day 0 and Day 10 of the experiment, after which the transfer
into the higher-temperature environment reduced time to flower. Thus, it can be concluded that
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as floral meristems are initiating during the first days of an inductive photoperiod, sensitivity to
high temperatures is at its maximum in cape daisy, while subsequent floral development is
expediated by higher temperatures.
Rawson and Bagga (1979) transferred three wheat (Triticum aestivum) varieties every 4 d
from either a 27/22 °C or 21/16 °C day temperature (DT)/ night temperature (NT) to a 15/10 °C
DT/NT environment. It was found that no developmental period after initiation was sensitive to
temperature. In another reciprocal-transfer experiment, three cultivars of rice (Oryza sativa) were
transferred every 5 d between 21 and 26 °C growth chambers (Yin et al. 1997). It was found that
sensitivity to high temperatures, expressed as increased time to flower, varied depending on
cultivar. For example, for cultivar ‘C036’ high temperatures during the period from 60 to 100 d
after sowing caused delays to flower while this period of sensitivity to high temperatures was
from 40 to 100 d and 40 to 60 d after sowing for cultivars ‘Shan You 63’ and ‘Nipponbare’,
respectively. Cowpea (Vigna unguiculata) was provided high-temperature pulses of 33/30 °C
DT/NT at different points during floral bud development represented as days before anthesis
(Ahmed, et al., 1992). It was found that plants grown continuously at high temperatures had a
0% pod set while plants grown at the cool temperature had a 100% pod set. The maximum
period of sensitivity to heat stress, expressed as an inhibition of pod set, spanned from 7 to
12 days before anthesis. High temperatures applied before or after this period had little to no
influence on pod set. From these experiments it can be concluded that specific periods of
sensitivity to heat stress can be species or cultivar dependent.
In the same way that plants can be more sensitive to heat stress during initiation and
specific developmental stages, it has also been shown that plants can vary in their sensitivity
within a day, i.e., a dark/light period cycle. For example, chrysanthemums were grown under
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light (h) /dark (h) periods including 16/16, 8/16, 8/24, 11/13, 8/16, 14/12 and 9/15. Plants were
subjected to 4-h pulses at 30 °C at varying times after the beginning of the light period (Nakano
et al., 2020). It was found that high-temperature treatments occurring at the start of the light
period had no significant impact on time to anthesis while the maximum delay to anthesis was
observed in high-temperature treatments occurring 10 to 16 h into the dark period. Hightemperature treatments applied earlier or later in the dark period caused delay to anthesis but to a
lesser extent than treatments applied 10 to 16 h into the dark period. These results suggest that
sensitivity to heat is influenced by circadian rhythms. Additionally, these results indicate that
sensitivity to high temperatures gradually increases once dark periods are perceived and then
rapidly decreases once a light period is perceived. It remains to be seen if sensitivity to high
temperatures also gradually increases once a light period is perceived since experimental
treatments were only applied at the start of the light period. This means that for chrysanthemums
grown under natural SD conditions (12- to 14-h NL) sensitivity to high temperatures increases
throughout the dark period reaching a peak towards the end of the night.
Poinsettia history
Throughout history, poinsettia (Euphorbia pulcherrima) have been greatly admired for
their stunning red bracts as well as the medicinal properties provided by the milky latex
contained inside of their leaves and stems. Now widely known as a symbol for Christmas across
the globe, this cultural significance can be traced back to the 17th century when a group of
Franciscan priests near Taxco, Mexico began using the flower for their Fiesta of Santa Pesebre, a
nativity procession (Ecke et al., 2004). An important step towards worldwide cultivation of
poinsettia was made in 1828 when Joel Robert Poinsett, the first United States Ambassador to
Mexico, sent a poinsettia plant to Bartram Botanic Garden in Philadephia. In the early 1900s,
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Paul Ecke, a German immigrant, selected some of the first commercial poinsettia cultivars. Some
of these cultivars were tetraploids, such as ‘Barbara Ecke Supreme’, so they had larger, more
showy bracts. Today the poinsettia is one of the most economically important floriculture crops
in the United States with a wholesale value of nearly $157M in 2020 (USDA, 2021). As a
contemporary symbol for Christmas, wholesale marketing of poinsettia spans from earlyNovember through early-December. This narrow sales window puts growers at risk of delays to
flowering that can result from high growing temperatures during floral initiation and
development known in the poinsettia industry as heat delay (Ecke et al., 2004). Additionally,
these high temperatures can reduce bract color formation resulting in unsalable plants. This issue
is compounded by rising global temperatures brought on by climate change resulting in a
potentially greater scope and severity of heat delay.
The poinsettia flower
Poinsettia is a SD plant with a unique floral structure known as a cyathium (Fig. 1.1),
which consists of a single pistillate flower, and several staminate flowers enclosed in an
involucre cup (Rao, 1971). The cyathium is subtended by three primary bracts with subsequent
levels of cyathia and bracts emerging from the axils of these primary bracts (Struckmeyer and
Beck 1960). In addition, a variable number of leaves below the primary bracts transition to bracts
in inductive photoperiods depending on environmental conditions and cultivar (Ecke et al.,
2004).
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Figure 1.1 Poinsettia cyathia with staminate flowers and nectary glands (yellow, ovular shaped).
Photo by Paul Millar.
Identifying poinsettia floral initiation and development
Much work has been done to understand the processes of floral initiation and
development in poinsettia. The basis of our understanding on these subjects comes from a series
of experiments starting in the 1960s which involved providing plants with inductive SDs and
then making visual and or microscopic observations on shoot tips to determine the relative rate
of initiation and development. One of the earliest experiments of this nature was performed by
Struckmeyer and Beck (1960) in which plants were placed in an inductive natural day (ND)
photoperiod for varying lengths of time and shoot tips were examined every few days to gauge
the rate of floral initiation and development. It was found that microscopic evidence of floral
initiation could be seen after plants had received 15 SDs. Plants that received >8 SDs developed
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a rudimentary cyathium, whereas plants receiving <8 SDs had shoots that remained vegetative.
Additionally, researchers found a direct correlation between the number of SDs a plant received
and the number of cyathia and bracts developed. It was also found that at least 60 SDs were
required for fourth order cyathia to be microscopically present. Goddard (1960) provided a
16.7 °C NT with one treatment group under natural SD conditions while others received nightinterruption lighting until either 10-Oct. or 17-Oct. after which they were returned to natural
SDs. At 3-day intervals from 19-Sept. to 30-Oct. shoot tips were dissected and examined. Within
a week of being placed into natural SDs meristems began to flatten and after 2 weeks, floral
primordia could be seen clearly under a microscope. Additionally, evidence of second order
cyathia were observed about 18 d after being placed into natural SDs. In plants that were kept
vegetative for a longer time, faster rates of initiation and development were observed,
presumably due to the longer NLs occurring as the season progressed. These studies as well as
those conducted by Miller and Kipling (1962) provided the basis of understanding on floral
initiation and development in poinsettia and their timing in relation to number of SDs.
Influence of night length on poinsettia flowering
Miller and Kiplinger (1962) conducted several experiments in which plants were exposed
to NLs of 15, 14, 13, 12, 11 or 10 h with minimum NTs of 12.8, 15.6, 18.3 or 21.0 °C. Floral
initiation dates were determined by dissecting poinsettia shoot tips and then observing meristems
microscopically to determine the impact of photoperiod and temperature on floral initiation.
Additionally, when floral initiation was reached in the plants in the 15- or 14-h NL treatments, a
portion of these plants would be distributed to the 13-, 12-, 11- or 10-h NLs of the same
temperature to determine the impact of photoperiod from initiation to visible bud. The same
process was done when half of the original 15- and 14-h NL plants had reached visible bud to
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determine the impact of photoperiod and temperature on the later stages of floral development
following visible bud. It was found that as NL and minimum NTs decreased, rate of floral
initiation also decreased. This trend was also true for the time between floral initiation and
visible bud. However, during the time from visible bud to anthesis, NL appeared to have little to
no impact on floral development rate at this later developmental stage. These experiments
showed that the rate of floral initiation and early development was strongly increased by
increasing NL. The rate of development of later stages of floral development following visible
bud did not appear to be significantly impacted by NL but did increase as NTs were increased up
to 21 °C.
Larson and Langhans (1962b) performed similar experiments to determine the impact of
photoperiod on poinsettia initiation and development. Barbara Ecke Supreme plants were
exposed to constant temperatures of 26.7, 21, 18.3, 15.6 or 10.0 °C and photoperiods of 9, 10, 11
or 12 h for the 26.7 °C treatment. Photoperiods of 12 h 0 min, 12 h 15 min, 12 h 30 min and 12 h
45 min were provided for all other temperature regimes with the overall objective to determine
more specific critical NLs for each of these temperature regimes. It was determined that the
critical NL was 14 to15 h, 11 h 15 min to 11 h 45 min, 11 h 15 min to 11 h 45 min, <11 h and
11 h 30 min for temperature regimes of 26.7, 21, 18.3, 15.6 and 10 °C, respectively.
Additionally, it was concluded that the rate of floral initiation increased as NL increased above
12 h and longer NLs are needed for floral initiation to proceed as temperatures increases above
15.5 °C.
Grueber and Wilkins (1994) investigated the impact of NL on floral initiation and
development by providing natural SDs or a 16-h NL to several poinsettia cultivars. Echoing the
findings of earlier experiments it was found that the shorter NL provided by the natural SD
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treatment delayed the rate of initiation and early floral development compared to a 16-h NL
(Miller and Kiplinger, 1962). Unlike previous experiments, it was found that the natural SD
treatment increased the rate of later stages of floral development compared to the 16-h NL,
whereas in previous studies it was found that longer NLs increased the rate of the later stages of
floral development just to a lesser magnitude than in initiation and earlier stages of floral
development. The increase in the rate of later floral development seen in the natural SD
treatment could be explained by the higher DLI received compared to the 16-h NL. On the other
hand, Miller and Kiplinger utilized 14- to 15-h NLs, which may have provided a higher DLI for
plants in later stages of floral development.
Wieland (1998) performed an experiment in which several poinsettia cultivars were
provided three photoperiodic treatments (29.4°N.Lat.): NDs starting 17-Sept., lights out (nightinterruption lighting until 6-Oct. followed by NDs) or a 15-h NL starting 6-Oct. that was also
preceded by night-interruption lighting. These treatments aim to provide three different
photoperiodic treatments with the ND treatment providing a relatively short NL that gradually
increases, lights-out providing a longer NL relative to the ND treatment that also gradually
increases, and the 15-h NL providing the longest, most consistent, photoperiodic treatment.
It was found that the 15-h NL always initiated at the fastest rate followed by the lights out
and ND treatments across all cultivars. Time to initiation from the start of treatment was 8, 11
and 21 d for Lilo Red for the 15-h NL, lights-out and ND treatments, respectively, 10, 18 and
28 d for Freedom Red, 15, 23 and 29 d for Peterstar Red, and 15, 26 and 40 d for Success Red.
As seen in previous studies, these results support the concept that the rate of floral initiation is
increased by increasing NL. The rate of subsequent floral development was also accelerated by
increasing NL; however this was to a lesser extent than with floral initiation. Average days from
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initiation to anthesis across all cultivars was 38, 40 and 42 for the 15-h NL, lights-out and ND
treatments, respectively. Again, this supports findings from previous studies that showed longer
NLs had more impact on increasing the rate of floral initiation and early floral development than
the rate of later floral development (Grueber and Wilkins, 1994; Miller and Kiplinger, 1962).
Wang (2001) performed an experiment in which Orion and Freedom Red were provided
NLs of 11 h 30 min or 12 h 0 min and then observed floral initiation and development. It was
found that the rate of initiation increased by increasing NL from 11 h 30 min to 12 h 0 min.
Additionally, time from initiation to visible bud was decreased by increasing NL in both
cultivars. However, increasing NL did not significantly impact the time from first color to first
flower.
Alden and Faust (2022) performed research in which Prestige Red flowering was initiated
for 10 or 17 d under an inductive 14-h NL after which plants were moved into either a 11-, 12-,
13- or 14-h NL to finish flowering. Results showed that delays to first color were observed only
in the treatment that received 10 SDs initially and was then moved to an 11-h NL. The same was
true for time to visible bud in that only the 10 SD × 11-h NL treatment was delayed compared to
the 14-h NL control. No difference was found between 14-, 13- or 12-h NL in either of the SD
treatments, however the 11-h NL treatment was significantly impacted in both the 10 and 17 SD
treatments with <40% of plants reaching anthesis compared to 97% of plants reaching anthesis in
the 14-h NL control. Based on research by Struckmeyer and Beck in 1960, it is estimated that
floral initiation under inductive photoperiods occurs around 8 to 15 d after inductive
photoperiods are provided. Thus, delays to first color and visible bud seen in the 10 SD × 11-h
NL treatment may be due to an incomplete transition of the vegetative meristem to a floral
meristem. Presumably, plants receiving 17 SDs fully initiated floral meristems, mitigating the
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impact of the shorter 11-h NL. Plants receiving 10 SD were able to finish initiation and early
stages of floral development more effectively under 12, 13 or 14 h NLs also mitigating the
delays seen in the 10 SD × 11-h NL treatment. These results are consistent with previous
research (Grueber and Wilkins, 1994; Miller and Kiplinger, 1962; Wieland, 1998) that found
increasing NL beyond the critical NL increased the rate of initiation and early stages of floral
development but has much less of a stimulatory effect later in development.
Alden and Faust (2022) also evaluated the impact of these SD × NL treatments on bract
color, rating primary bracts and stem bracts from 0 to 4 (0 = no red pigmentation and 4 = 100%
red pigmentation). It was found that for both the 10 and 17 SD treatments, lower stem bract
(stem bracts 6 to 9 nodes below the primary bracts) coloration began to be negatively impacted
when NLs fell below 13 h while the 11-h NL had significantly lower color ratings for both
primary and stem bracts compared to other treatments. The 17 SD × 11-h NL was found to have
higher bract color ratings than the 10 SD × 11-h NL treatment but still had significantly lower
bract color ratings than the 12-, 13- and 14-h NL treatments. Additionally, all 11-h NL
treatments were determined not be commercially acceptable. The 12-h NL treatments were
considered commercially acceptable, however were of lower quality than those grown in 13- or
14-h NLs particularly at lower stem bract positions. Overall, this study demonstrated that if
plants are initiated for >17 days under 14-h NLs, there is relatively little impact on crop timing
by increasing NL above 12 h for later stages of floral development. However, increasing NLs to
13 or 14 h after initiation did show a significant increase in bract color formation, and thus an
improvement in plant quality.
Floral initiation under long day conditions
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While exposure to an inductive photoperiod clearly increases the rate of floral initiation,
it has been shown that several SD plants will eventually initiate under non-inductive LD
conditions. Cockshull (1975) demonstrated this to be true for chrysanthemum, finding that under
non-inductive, LD conditions floral meristems eventually initiated, however subsequent
development was inhibited, and plants did not reach anthesis. Evans (1992a) performed research
on poinsettia indicating the same results. It was found that poinsettia maintained under LD
conditions would initiate a cyathium after developing a cultivar-specific number of nodes,
termed the long-day leaf number. However, while poinsettia will initiate a cyathium under LD
conditions, this cyathium will eventually abort before reaching anthesis, and three vegetative
shoots will develop immediately below the aborted cyathium, a phenomenon known as splitting.
(Ali et al., 1990; Evans, 1992a).
Influence of temperature on poinsettia flowering
It has been shown that high temperatures, particularly NTs >23 °C can cause delays to
poinsettia flowering (Ecke et al. 2004). This is particularly threatening to growers in the
southeastern U.S. where high temperatures can persist through September and early-October
when poinsettia are generally undergoing floral initiation. This problem is compounded by
increasing temperatures brought on by climate change.
Larson and Langhans (1962a) performed an experiment in which poinsettia were
provided an inductive 15-h NL and constant temperatures of 10.0, 15.6, 18.3, 21.0 and 26.7 °C.
It was found that initiation was inhibited at temperatures of 10.0 and 26.7 °C, with 21 °C
providing the most rapid rate of floral initiation. Larson and Langhans (1960) also investigated
the impact of DT and NT on flowering of poinsettia providing DT and NT of 26.7, 21.0, 15.6
and 10.0 °C in factorial treatment combinations in both natural SDs and a 15-h NL environment.
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It was found that increasing NTs from 10.0 to 21.0 °C shortened time to flowering while a
26.7 °C NT prevented plants from flowering in NDs (experiment was terminated on 21-Jan.) and
delayed flowering in the 15-h NL. Thus, a longer NL was necessary to flower plants grown at
high NT. When NT was <21.0 °C, increasing DT up to 26.7 °C reduced time to flower with the
fastest rate of flowering being obtained at 26.7/21.0 °C DT/NT. It can be concluded from this
study that NTs >26.7 °C as well as NTs <15.6 °C delay flowering. In addition, DT <26.7 °C
delay flowering when NT is <21.0 °C.
Berghage et al. (1987a) further explored the impact of temperature on floral initiation.
DT/NT combinations of 29, 26, 23, 20, 17 and 14 °C were provided under a 14-h NL on Annette
Hegg Dark Red. It was found that NT was the primary factor in delaying initiation and anthesis
with NTs >26 °C causing flowering delays. Additionally, these increased NTs caused poor final
bract color formation. Low DT/NT combinations in which ADT was <18 °C also caused delays
to anthesis, however this was identified to be primarily impacting later stages of floral
development as these temperatures did not delay times to first color or visible bud. From this
research it can be concluded that a low NT (<21 °C) is the most conducive to floral initiation of
poinsettia while a relatively a higher ADT, preferentially obtained from a higher DT (>26.7 °C)
and lower NT (18-24°C), is most conducive to later stages of floral development.
Schnelle (2008) performed research which appeared to contradict the conclusions drawn
from the 1987 Berghage et al. study. Red Velvet, Prestige Red and Barbara Ecke Supreme were
provided four DT/NT treatments (23/19, 26/22, 24/24 and 29/24 °C) that provided three ADTs
(21, 24 and 27 °C) all with a 12-h NL. Following initiation all plants were finished in a moderate
26/21 °C DT/NT environment. Results showed that ADT was the primary factor causing delay.
The 27 °C ADT treatment (29/24 °C DT/NT) had visible bud, first color and anthesis all
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significantly delayed compared to the other three temperature treatments. If NT was the driving
factor in causing heat delay, then the 24/24 °C DT/NT treatment should have been equally
delayed compared to the 29/24 °C treatment, which it was not. This suggests that ADT is
responsible for heat delay rather than NT. An additional study was performed in growth
chambers in which Velvet Red and Prestige Red were provided a 12-h NL and either a 27/21,
21/27 or 27/27 °C DT/NT combination. Results showed that there was no significant difference
in time to initiation between the 27/21 and 21/27 °C DT/NT treatments for both cultivars.
However, the 27/27 °C DT/NT treatment was delayed significantly compared to the other two
treatments. Again, this suggests that it is ADT rather than NT that is the driving factor in heat
delay.
This apparent contradiction was resolved by Alden and Faust (2021) with their research
on the interaction between photoperiod and temperature. Three DTs (20, 24 and 28 °C), four NTs
(16, 20, 24 and 28 °C) and five different NLs (14, 13, 12, 11 and 10 h) were provided in factorial
treatment combinations for 17 d. After which, plants were finished in an inductive environment
(14-h NL and a 24/21 °C DT/ NT). Orion Red and Prestige Red were used as they represent a
heat-tolerant and a heat-sensitive cultivar, respectively. In both cultivars tested, increasing NL
decreased time to anthesis. There were relatively smaller decreases between 10 and 11 h or 13
and 14 h compared to increasing NL from 11 to 12 and 12 to 13 h. The response to temperature
was shown to be largely dependent on photoperiod. At a 12-h NL, Orion showed a linear
decrease in progress to flower as DTs increased from 20 to 28 °C. At a 13- or 14-h NL,
increasing DT from 20 to 24 °C increased progress to flower while increasing DT from 24 to
28 °C slightly decreased progress to flower. Additionally, there was relatively little difference in
progress to flower between NLs of 12, 13 and 14 h at 20 °C DT, while increasing NL from 12 to
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13 or 14 h significantly increased progress to flower at 24 and 28 °C DT. This is consistent with
previous findings by Larsons and Langhans (1960) who determined that increased NL was
necessary for flowering under high temperatures. For the heat-tolerant Orion there was little
response to varying NT within a given photoperiod. For the heat-sensitive Prestige grown at a
12-h NL, there was a linear decrease in progress to flower as DT increased. However, DT had no
impact on progress to flower at a 13-h NL while at a 14-h NL increasing DTs increased progress
to flower. At a 12-h NL, increasing NT from 24 to 28 °C significantly delayed progress to
flower. At a 13- and 14-h NL, progress to flower was increased for all temperature treatments
compared to the 12-h NL. Increasing NT decreased progress to flower, particularly when NT was
increased from 24 to 28 °C for the 13- and 14-h NL treatments. It can be concluded that
increasing NL, particularly from 11 to 13 h, increases progress to flower at all temperature
combinations. This suggests that utilizing blackout cloth to increase NLs may be a viable option
for growers to mitigate the impacts of heat stress. Additionally, this study resolves the apparent
conflict between the research of Schnelle (2008) and Berghage (1987a) as it shows that in a 12-h
NL (provided by Schnelle) there is a linear decrease in progress to flower as DTs are increased
up to 28 °C. However, at a NL 14 h, as provided Berghage et al., NT appears to be the most
crucial factor in delayed flowering as increasing NT from 20 to 28°C caused significant delays to
anthesis while increasing DT at this NL had no inhibitory impact on flowering.
Impact of timing and duration of high temperatures on heat delay
Schnelle et al. (2005) conducted research to determine the impact of timing and duration
of high temperatures on poinsettia heat delay. Several poinsettia cultivars were grown in either a
13-h NL or natural SDs starting on 30-Sept. For the first 28 d of the inductive photoperiod,
plants were provided either a high-temperature (28/24 °C DT/NT) or low-temperature (24/21 °C
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DT/NT) environment. It was found that high temperatures caused significant delays to visible
bud, bract color formation and anthesis in mid- to late-season cultivars such as Prestige Red and
Success Red. These delays were seen to a lesser extent in the 13-h NL than the natural SDs,
which can be explained by more rapid floral development under increased NL. Early-season
cultivars such as Early Freedom Red and Orion did not experience delays due to high
temperatures. An additional experiment was performed in which Prestige Red and Freedom were
exposed to the same high-temperature environment (28/24 °C DT/NT) for either 7, 14 or 21 d
starting 22-Sept. after which they would be finished in a low-temperature environment (24/21 °C
DT/NT). It was found that the longer plants were exposed to high temperatures, the longer the
delay in flowering. For Prestige Red, delays to anthesis of 3, 6 and 10 d were observed in plants
receiving 7, 14 or 21 d of high temperatures, respectively. Bract development for Prestige Red
was delayed by 2, 5 and 8 d in plants receiving 7, 14 or 21 d of high temperatures. Delays were
seen in the early-season cultivar Freedom to a lesser extent than the late-season cultivar Prestige.
In previous studies it was found that while initiation rates vary depending on temperature and
photoperiod, initiation is generally occurring within the first 2-3 weeks of receiving an inductive
photoperiod (Goddard, 1960; Miller and Kiplinger, 1962; Struckmeyer and Beck, 1960).
Therefore, it can be concluded that the delays seen in these experiments are due to an inhibition
of floral initiation and early stages of floral development by high temperatures.
Schnelle (2008) performed research on poinsettia to further investigate the impact of
timing and duration of high temperatures on poinsettia heat delay. Under a 12-h NL, heat-pulse
treatments of 29/24 °C DT/NT were applied on either Days 1 to 28, 1 to 7, 7 to 14, 14 to 21, 7 to
28, 1 to 7 and 14 to 28 or 1 to 14 and 21 to 28 in relation to the start of the experiment. In other
words, either 1, 3 or 4 weeks of high temperatures at different points within the first 28 d of the
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inductive photoperiod being provided. A control group was provided moderate temperatures
(24/21 °C DT/NT) for the entire experimental period. It was found that no significant delays
were caused by a single week of high temperatures. All treatments in which 3 or 4 weeks of high
temperatures were provided caused significant delays to visible bud and anthesis compared to the
control. Delays of 14, 12, 8 and 10 d were caused by high-temperature treatments in Days 1 to
28, 7 to 28, 1 to 7 and 14 to 28, 1 to 14 and 21 to 28, respectively. It was also found that the
continuous 3-week high-temperature treatment caused more delay than when the hightemperature treatment was interrupted with 1 week of moderate temperatures (24/21 °C DT/NT).
Schnelle (2008) also performed a similar experiment under ND conditions at 29.7°N.Lat
starting on 1-Sept. in which plants were exposed to the same high-temperature treatment
(29/24 °C DT/NT) for 2 to 4 weeks in a variety of combinations from Days 11 to 68 of the
experiment (12-Sept. to 8-Nov). Delays to visible bud and anthesis increased when the duration
of high temperatures was increased. A period of sensitivity to high temperatures of ~28 d was
identified as high temperatures applied within the period of Day 11 to 39 (12-Sept. to 10-Oct.)
caused delays to anthesis. High-temperature treatments provided after this window of sensitivity
either had no significant delay to anthesis or plants reached anthesis significantly faster as was
the case for the high-temperature treatment provided on Days 53 to 68. By Day 25 (26-Sept.)
half of the plants grown in moderate temperatures (24/21 °C DT/NT) had undergone floral
initiation, thus providing a general reference point for when the process of floral initiation is
occurring. Therefore, we can conclude sensitivity to high temperatures is coinciding with the
time of floral initiation and subsequent early stages of floral development.
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CHAPTER 2
IDENTIFYING THE TEMPORAL SENSITIVITY OF POINSETTIA FLOWERING TO
HIGH TEMPERATURES WITHIN THE GROWING SEASON
Abstract
The objective of this study was to identify the specific weeks when poinsettia (Euphorbia
pulcherrima Willd. ex Klotzsch) flowering is most sensitive to high temperatures. Two
experiments were conducted; one experiment was conducted in greenhouses under natural
daylength (ND) conditions at 34.7°N.Lat. starting on 4-Sept. and the other in growth chambers
providing an initial NL of 11 h 01 min which was increased by 2 min/d to simulate ND
conditions through September and early-October. Each week one group of plants was moved
from a moderate-temperature environment (22 °C average daily temperature [ADT]) to a hightemperature environment 28 °C ADT; plants spent one week in the high-temperature
environment before returning to the moderate-temperature environment. This treatment period
lasted for 7 or 8 weeks for the growth chamber and greenhouse studies, respectively, after which
plants finished in a 22 °C ADT greenhouse. An additional group of plants was kept in either the
moderate- or high-temperature environment for the entire treatment period as controls. Time to
visible bud, first color and anthesis were recorded. Upon reaching anthesis, qualitative bract
ratings were collected. Four cultivars were used in the greenhouse study: Advent Red, Freedom
Red, Prestige Red and Tikal Red while only Prestige Red was used in the growth chamber study.
Advent Red was identified as the most heat tolerant cultivar followed by Tikal Red, Freedom
Red and Prestige Red. Advent Red’s period of sensitivity was from 4-Sept. to 1-Oct. Tikal Red’s
period of sensitivity was shifted one week later, 11-Sept. to 8-Oct. Freedom Red had a longer
period of sensitivity from 11-Sept. to 22-Oct. Prestige had the longest period of sensitivity to
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high temperatures encompassing the entire treatment period for both studies, 4-Sept. to 29-Oct.
and 11 h 01 to 12 h 37 for the greenhouse and growth chamber studies, respectively. Within
these periods of sensitivity to high temperatures, time to visible bud and anthesis were most
affected by high temperatures in earlier weeks while final bract color development and time to
first color were more affected by high temperatures during the latter weeks. Across both
experiments, Freedom Red, Tikal Red and Prestige Red experienced delays to anthesis >1 d
delay per day of high-temperature treatment. This suggests there can be a residual impact of high
temperatures rather than simply inhibiting progress to flower during the high-temperature period.
Introduction
Poinsettia is a short day (SD) plant with an estimated critical night length (NL) between
11 h 0 min and 11 h 45 min depending on temperature and cultivar (Larson and Langhans
1962b). Therefore, floral initiation typically occurs between mid-September and early-October
under (ND) conditions in the U.S. (24.5°N.Lat. to 49.4°N.Lat.). High temperatures during the
production season can cause delays to flowering, a phenomenon known in the industry as heat
delay (Ecke et al., 2004). As a contemporary symbol of Christmas, the poinsettia wholesale
market is concentrated to a relatively brief period from early-November through earlyDecember. This narrow sales window puts poinsettia growers at risk to delays in flowering,
especially since climate change is creating unusual weather patterns (Horton et al. 2016).
Therefore, it is increasingly important for growers to know the precise time in the production
season that their crop is susceptible to heat delay in order to mitigate its impact.
Schnelle et al. (2005) conducted an experiment in which several poinsettia cultivars were
grown in either a 13-h NL or natural SDs (29.7°N.Lat.) starting on 30-Sept. For the first 28 d of
the inductive photoperiod, plants were provided either a high-temperature (28 °C day
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temperature [DT] /24 °C night temperature [NT]) or moderate-temperature (24/21 °C DT/NT)
environment. It was found that high temperatures caused significant delays to visible bud, bract
color formation and anthesis in mid- to late-season cultivars such as Prestige Red and Success
Red while early-season cultivars such as Early Freedom Red and Orion were not delayed by
high-temperature treatments. An additional experiment was performed in which Prestige Red and
Freedom were exposed to the same high-temperature environment (28/24 °C DT/NT) for either
7, 14 or 21 d starting 22-Sept. after which they were finished in a moderate-temperature
environment (24/21 °C DT/NT). Prestige Red experienced delays to anthesis of 3, 6 and 10 d
from plants receiving 7, 14 or 21 d of high temperatures, respectively, while lesser delays were
experienced by Freedom. Since floral initiation is generally occurring within the first 2 to
3 weeks of receiving an inductive photoperiod (Goddard, 1960; Miller and Kiplinger, 1962;
Struckmeyer and Beck, 1960), the delays seen in these experiments are due to a high-temperature
inhibition of floral initiation and early stages of floral development.
Schnelle (2008) performed an experiment under ND conditions (29.7°N.Lat.) starting on
1-Sept. in which plants were exposed to a high-temperature treatment (29/24 °C DT/NT) for 2, 3
or 4 weeks at different points between 12-Sept. and 8-Nov. A 28-d period of sensitivity to high
temperatures was identified from 12-Sept. to 10-Oct. High-temperature treatments provided after
this window of sensitivity did not negatively impact time to flower. However, since hightemperature treatments lasted for at least 2 weeks and were often overlapping, it is unclear what
specific weeks were contributing to heat delay.
The objective of this study was to identify specific weeks of sensitivity to high
temperatures within the growing season for several cultivars grown under ND conditions.
Materials and Methods
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General practices. Cuttings were propagated in a foam medium (Oasis Rootcubes Plus Wedge,
Smithers-Oasis, Kent, Oh.) for 4 weeks under night-interruption lighting (2200 HR to 0200 HR )
consisting of LED bulbs that delivered 1.2 ±0.2 µmol.m-2s-1. Cuttings were then transplanted into
1.33-L pots containing a peat-based growing medium (Fafard 3B, Sun Gro, Anderson, S.C.). One
week after transplant, plants were pinched to five nodes, and after an additional 2 weeks, lateral
shoots were removed so that two shoots remained on each plant.
Prior to the start of experimental treatments, two fungicide drenches: azoxystrobin and
etridiazole were applied as preventative measures for controlling rhizoctonia stem rot and
pythium root rot, respectively. The plants were continuously fertigated with Peters Excel CalMag Special (15N-5P2O5-15K2O) at 150 mg.L-1 N for the duration of the experiment. Pesticides
cyantraniliprole, dinotefuran, thiamethoxam and pymetrozine were used for whitefly control.
Temperature measurements were collected every 15 s and averaged into 15 min increments by
an Apogee Silent Sentinel temperature monitor (Apogee Instruments, North Logan, Ut.) placed
at canopy height. Light intensity measurements were collected by an Apogee microCache single
sensor datalogger (Apogee Instruments, North Logan, Ut.) placed at canopy height.
Cultivars. Four cultivars were used in this study: Advent Red, Tikal Red, Freedom Red and
Prestige Red. Advent Red was chosen as it is a very-early-season cultivar, ready to market
around 3-Nov. under ND conditions. It is also considered to be tolerant to high temperatures.
Tikal Red, a sibling variety to Advent Red, was chosen as it has an almost identical phenotype to
Advent Red but has a slightly longer response time and flowers about 10 d later. It is considered
slightly more sensitive to high temperatures than Advent Red but relatively tolerant to high
temperatures. Freedom Red was first introduced in the early 1990s and is still grown in south
Florida due to reliable performance in this high temperature region of the country. It has a
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similar response time to Tikal Red and both cultivars are categorized as early-season cultivars.
Prestige Red was chosen as it is considered to be a cultivar that is sensitive to high temperatures.
It also has the longest response time of all the cultivars tested and thus is categorized as a lateseason cultivar.
Greenhouse expt. (Expt. 1). Two-hundred cuttings of each cultivar were propagated then thinned
to two shoots per plant as per the general procedures. The most uniform one-hundred and ten
plants from each cultivar were then selected to begin the experiment. This experiment was
conducted under ND conditions in Clemson, SC (34.7°N.Lat.) in two glass greenhouses; one
greenhouse was set to provide an ADT of 22 °C (the actual ADT averaged 21.8 ±2 °C during the
8-week treatment period) while the other greenhouse was set at an ADT of 28 °C (the actual
ADT was 27.8 ±1.6 °C) during the 8-week treatment period). These two greenhouses are referred
to as the moderate- and high-temperature greenhouses, respectively. Black plastic (thickness of
6-mil) was used to cover the vertical greenhouse walls (4.3 m) to prevent light pollution from
affecting the ambient photoperiod. An average daily light integral (DLI) of 10.5 ±4.8 mol.m-2.d-1
was recorded during the 8-week treatment period while a DLI of 9.6 ±2.8 mol.m-2.d-1 was
recorded in the subsequent finishing period. Beginning on 4-Sept., one group of plants was
moved each week from the moderate-temperature greenhouse to the high-temperature
greenhouse for 8 weeks. Each group of plants spent 1-week in the high-temperature greenhouse
before being returned to the moderate-temperature greenhouse. One additional group of plants
was kept in either the moderate- or high-temperature greenhouse for the entire 8-week period;
these treatments are referred to as the moderate- or high-temperature control. For the year one
replication, each treatment consisted of eight plants, while ten plants/treatment were used for
year two replication. Treatments were grouped into complete, randomized blocks consisting of
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one plant per treatment group per cultivar with each greenhouse bench containing two to three
complete blocks. After the 8-week treatment period, all plants were moved to a glass greenhouse
to finish flowering at 22 °C ADT (actual ADT of 22.2 ±2.0 °C). An average DLI of
10.5 ±4.8 mol.m-2d-1 was recorded during the 8-week treatment period and 8.2 ±2.8 mol.m-2d.-1 in
the subsequent finishing period.
Growth chamber expt. (Expt. 2). One-hundred cuttings of Prestige Red were propagated in the
method described above and eventually thinned to one or two primary shoots for replication one
or two, respectively. Forty-five uniformly sized plants were then selected to begin the
experiment. Two growth chambers were utilized, one moderate-temperature growth chamber
was maintained at 22 °C ADT (the actual ADT was 23.1 ±1.5 °C) while the high-temperature
growth chamber delivered 28 °C ADT (the actual ADT was 27.8 ±1.1 °C). Both growth
chambers had LED fixtures (Fluence Bioengineering RAZR 97W LED, Austin, Tx.) providing
175 ±25 µmol.m-2.s-1 at canopy level. A NL of 11 h 01 min was provided at the start of the
experiment and increased by 2 min/d to simulate natural conditions at 34.7°N.Lat. until a NL of
13 h 30 min was reached. After which, the NL was kept at a constant 13 h 30 min until the end of
the experiment.
Each week for 7 weeks, one treatment group of five plants was placed in the hightemperature growth chamber. Treatment groups spent 1 week in the high-temperature growth
chamber before returning to the moderate-temperature growth chamber. In addition to the seven,
1-week, high-temperature treatments, a group of plants was kept in either the moderate- or hightemperature growth chamber for the entire 7-week period to serve as a moderate- or hightemperature control. Treatments were completely randomized in both the growth chamber and
greenhouse environments. After the 7-week treatment period, all plants were moved to a glass
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greenhouse to finish flowering at moderate-temperatures (21.9 ±2.5 °C ADT). Night lengths
continued to increase by 2 min/d by utilizing a combination of blackout curtains, which provided
a consistent 14-h NL, and LED lights that shortened this NL to the appropriate length for each
given day of the experiment. Average DLI of 8.6 ±3.8 mol.m-2d-1 was recorded during the
finishing period.
Data collection. Dates of first color (when 100% of a bract surface had red pigmentation), visible
bud (primary bracts unfolded to reveal the primary cyathium in the shoot apex), and anthesis
(pollen visible on one stamen of the primary cyathium) were recorded. Additionally, the three
primary bracts and nine subsequent stem bracts were rated at the time of anthesis using a
qualitative scale ranging from 0 to 4, where 0 = no red pigmentation, 1 = 1% to 25% red
pigmentation, 2 = 26% to 75% red pigmentation, 3 = 76% to 99% red = pigmentation, 4 = 100%
red pigmentation. Statistical data analysis was performed using JMP Pro (v. 16.0) (SAS Institute
Inc., Cary, N.C.). Analysis of variance (ANOVA) tests were conducted to evaluate the
significance of each main effect and their interactions on each of the flowering responses. Least
square means were calculated for each treatment × cultivar for each flowering response, e.g.,
time from start of experiment to visible bud, first color and anthesis, as well as an average color
rating of the uppermost five bracts on each stem (the three primary bracts and two upper stem
bracts). Significance of treatment means relative to the moderate-temperature control were
calculated using Fisher’s LSD student’s T test (p<0.05). The goal of the experiment was to
identify the weeks in the growing season that poinsettias are sensitive to high temperatures. For
this reason, treatment means were analyzed for statistical significance relative to the moderatetemperature control to determine the impact of high temperatures during specific weeks.
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Additionally, Fisher’s LSD student’s T test was chosen to minimize type two statistical error to
ensure that the significance of individual high-temperature treatment groups was detected.
Results
Greenhouse expt. (Expt. 1) Data from year one and two of the experiment were averaged based
on three observations. First, when the effect of year was included into the ANOVA it showed
statistical significance, however interaction plots revealed that the treatment means between year
one and year two of the experiment had the same trend. Second, the F-ratio of the effect of year
and its interactions were smaller relative to the other effects. Lastly, when treatment means were
calculated as means relative to the moderate-temperature control, year was not a significant
factor.
Bract color rating, time to visible bud, first color and anthesis had a significant response
to the cultivar × temperature treatment interaction (Table 2.1). Cultivars differed in regard to the
specific treatment weeks and the number of weeks significantly affected by the high-temperature
treatment. The delay in flowering for the different treatment weeks and cultivars is described
relative to the moderate-temperature control. For example, time to visible bud for Advent Red
was delayed by 4, 8 and 26 d from high-temperature treatments provided from 4-Sept. to 10Sept., 11-Sept. to 17-Sept. and the high-temperature control, respectively (Fig. 2.1A). The other
treatment weeks did not cause a significant delay in time to visible bud. High-temperature
treatments occurring on 4-Sept. to 10-Sept., 11-Sept. to 17-Sept., 18-Sept. to 24-Sept. and the
high-temperature control significantly delayed time to first color by 3, 6, 7 and 24 d, respectively
(Fig. 2.2A). Time to anthesis was significantly delayed 6 and 21 d from high-temperature
treatments occurring on 11-Sept. to 17-Sept. and the high-temperature control, respectively (Fig.
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2.3A). High-temperature treatments occurring on 18-Sept. to 24-Sept. and 25-Sept. to 1-Oct.
significantly reduced bract color ratings relative to the moderate-temperature control (Fig. 2.4A).
For Tikal Red, time to visible bud was significantly delayed by 5, 9, 3 and 21 d from
high-temperature treatments occurring on 11-Sept. to 17-Sept., 18-Sept. to 24-Sept., 25-Sept. to
1-Oct. and the high-temperature control, respectively (Fig. 2.1B). High-temperature treatments
occurring on 11-Sept. to 17-Sept., 18-Sept. to 24-Sept., 25-Sept. to 1-Oct., 2-Oct. to 8-Oct. and
the high-temperature control significantly delayed time to first color by 6, 6, 8, 6 and 18 d,
respectively. Time to anthesis was significantly delayed 7, 9, 6 and 20 d from high-temperature
treatments occurring on 11-Sept. to 17-Sept., 18-Sept. to 24-Sept., 25-Sept. to 1-Oct. and the
high-temperature control (Fig. 2.3B). High-temperature treatments occurring on 25-Sept. to 1Oct. and 2-Oct. to 8-Oct. significantly reduced bract color ratings relative to the moderatetemperature control (Fig. 2.4B).
Time to visible bud for Freedom Red was significantly delayed by 5, 9, 6, 4 and 33 d
from high-temperature treatments occurring on 11-Sept. to 17-Sept., 18-Sept. to 24-Sept., 25Sept. to 1-Oct., 2-Oct. to 8-Oct. and the high-temperature control, respectively (Fig. 2.1C). Hightemperature treatments occurring on 11-Sept. to 17-Sept., 18-Sept. to 24-Sept., 25-Sept. to 1Oct., 2-Oct. to 8-Oct. and the high-temperature control significantly delayed time to first color 3,
8, 10, 8 and 24 d, respectively (Fig. 2.2C). Time to anthesis was significantly delayed 5, 10, 9, 8,
5 and 32 d from high-temperature treatments occurring on 11-Sept. to 17-Sept., 18-Sept. to 24Sept., 25-Sept. to 1-Oct., 2-Oct. to 8-Oct., 9-Oct. to 15-Oct. and the high-temperature control,
respectively (Fig. 2.3C). High-temperature treatments occurring on 25-Sept. to 1-Oct., 2-Oct. to
8-Oct., 9-Oct. to 15-Oct. and 16-Oct. to 22-Oct. significantly reduced bract color ratings relative
to the moderate-temperature control (Fig. 2.4C). Conversely, the high-temperature control
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treatment had a significantly higher bract color rating compared to the moderate-temperature
control.
For Prestige Red time to visible bud was significantly delayed 3, 4, 9, 6, 4 and 45 d from
high-temperature treatments occurring on 4-Sept. to 10-Sept., 11-Sept. to 17-Sept., 18-Sept. to
24-Sept., 2-Oct. to 8-Oct., 16-Oct. to 22-Oct. and the high-temperature control, respectively (Fig.
2.1D). High-temperature treatments occurring on 18-Sept. to 24-Sept., 25-Sept. to 1-Oct., 2-Oct.
to 8-Oct., 9-Oct. to 15-Oct., 16-Oct. to 22-Oct., 23-Oct. to 29-Oct. and the high-temperature
control significantly delayed time to first color 6, 9, 10, 12, 7, 6 and 31 d, respectively (Fig.
2.2D). Time to anthesis was significantly delayed 6, 6, 9, 6 and 38 d from high-temperature
treatments occurring on 18-Sept. to 24-Sept., 25-Sept. to 1-Oct., 2-Oct. to 8-Oct., 9-Oct. to 15Oct. and the high-temperature control, respectively (Fig. 2.3D). High-temperature treatments
occurring on 25-Sept. to 1-Oct., 2-Oct. to 8-Oct., 9-Oct. to 15-Oct., 16-Oct. to 22-Oct. and 23Oct. to 29-Oct. significantly reduced bract color ratings relative to the moderate-temperature
control (Fig 2.4D.). In contrast, the 18-Sept. to 24-Sept. and high-temperature control treatments
had significantly higher bract color ratings compared to the moderate-temperature control.
Growth chamber expt. (Expt. 2) Bract color rating, time to visible bud, first color and anthesis
were significantly affected by temperature treatment (Table 2.2). No significant differences
occurred between the two replications of the experiment and thus results were averaged. Delays
will be reported relative to the moderate-temperature control. Time to visible bud was
significantly delayed by 5, 7, 7, 5 and 25 d from high-temperature treatments occurring when
NLs were 11 h 15 min to 11 h 27 min (Week 2), 11 h 29 min to 11 h 41 min (Week 3), 11 h
43 min to 11 h 55 min (Week 4), 11 h 57 min to 12 h 09 min (Week 5) and 11 h 01 to 12 h
37 min (high-temperature control), respectively (Fig. 2.6A). High-temperature treatments
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occurring when NLs were 11 h 15 min to 11 h 27 min (Week 2), 11 h 29 min to 11 h 41 min
(Week 3), 11 h 43 min to 11 h 55 min (Week 4), 11 h 57 min to 12 h 09 min (Week 5), 12 h
11 min to 12 h 23 min (Week 6), 12 h 25 min to 12 h 37 min (Week 7) and 11 h 01 to 12 h
37 min (high-temperature control) significantly delayed time to first color 4, 6, 8, 9, 12, 12, and
18 d, respectively, relative to the moderate-temperature control (Fig. 2.6B).
Time to anthesis was significantly delayed by all high-temperature treatments provided.
Delays of 4, 5, 8, 9, 5, 4, 5, and 23 d were observed from high-temperature treatments applied
when NLs were 11 h 01 min to 11 h 13min (Week 1), 11 h 15 min to 11 h 27 min (Week 2), 11 h
29 min to 11 h 41 min (Week 3), 11 h 43 min to 11 h 55 min (Week 4), 11 h 57 min to 12 h
09 min (Week 5), 12 h 11 min to 12 h 23 min (Week 6), 12 h 25 min to 12 h 37 min (Week 7)
and 11 h 01 min to 12 h 37 min (high-temperature control), respectively (Fig. 2.6C). Finally,
high-temperature treatments occurring when NLs were 11 h 43 min to 11 h 55 min (Week 4),
11 h 57 min to 12 h 09 min (Week 5), 12 h 11 min to 12 h 23 min (week six) and 12 h 25 min to
12 h 37 min (Week 7) significantly reduced bract color ratings relative to the moderatetemperature control (Fig. 2.6D).
Discussion
From the results of these studies, discrete periods of sensitivity to high temperatures,
specific to individual cultivars, were identified within the growing season. While specific periods
of sensitivity to high temperatures varied between cultivar, sensitive periods generally
overlapped with the 12-Sept. to 10-Oct. period of sensitivity identified by Schnelle (2008).
Additionally, a clear trend was identified in how sensitivity to high temperatures changes as the
season progresses; there is a period early in the season in which the plants are relatively
insensitive to high-temperature treatments, presumably due to NLs being insufficiently long to
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induce floral initiation. Sensitivity to high temperatures then increases as the season progresses
with peak sensitivity to high temperatures occurring earlier for the early-season cultivar (Advent
Red) and progressively later for mid- (Tikal Red and Freedom Red) and late-season (Prestige
Red) cultivars. After this peak, sensitivity to high temperatures then declines with hightemperature treatments in later weeks having progressively less impact on floral development.
This decline in sensitivity to high temperatures in later weeks of the growing season could be
attributed to increased rates of floral development associated with longer NLs (Alden and Faust,
2021; Grueber and Wilkins, 1994; Miller and Kiplinger, 1962).
Delays to visible bud and anthesis generally occurred from high-temperature treatments
in earlier weeks within this sensitive period, while delays to first color and a reduction in bract
color tended to occur from high-temperature treatments in later weeks within the overall
sensitive time frame. For example, Advent Red had visible bud and anthesis delayed by hightemperature treatments applied during 4-Sept. to 17-Sept. and 11-Sept. to 17-Sept., respectively.
In contrast, first color and bract color rating were sensitive to high temperatures in later weeks:
from 4-Sept. to 24-Sept. and 18-Sept. to 1-Oct., respectively. Sensitivity to high temperatures in
Tikal Red followed a similar pattern. For both visible bud and anthesis, high-temperature
treatments applied between 11-Sept. and 1-Oct. caused significant delays while high-temperature
treatments applied during 11-Sept. to 8-Oct. and 25-Sept. to 8-Oct. delayed first color and
reduced bract color rating, respectively.
Freedom Red varies slightly from this pattern as visible bud and first color both were
sensitive to high-temperature treatments applied between 11-Sept. and 8-Oct. while anthesis was
delayed significantly by high-temperature treatments occurring between 11-Sept. and 15-Oct.
However, sensitivity regarding bract color rating was consistent with trends observed in previous
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cultivars as high-temperature treatments applied in relatively later weeks, between 25-Sept. and
22-Oct., caused significant reductions to bract color rating.
Lastly, sensitivity to high temperatures in Prestige Red followed the same general trend
identified in Advent Red and Tikal Red. In the greenhouse study, delays to visible bud were
observed in high-temperature treatments occurring during 4-Sept. to 22-Oct. High-temperature
treatments occurring during 25-Sept. to 1-Oct. and 9-Oct. to 15-Oct. delayed visible bud relative
to the moderate-temperature control but were not statistically significant. High-temperature
treatments applied between 18-Sept. and 15-Oct. caused significant delays to anthesis while first
color and bract color rating had periods of sensitivity to high temperatures from 18-Sept. to 29Oct. and 25-Sept. to 29-Oct., respectively.
In the growth chamber study, Prestige Red experienced delays to visible bud and anthesis
from high-temperature treatments occurring when NLs were from 11 h 15 min to 12 h 09 min
(Weeks 2 to 5) and 11 h 01 to 12 h 37 min (Weeks 1 to 7), respectively. First color and bract
color rating were sensitive to high temperatures when NLs were from 11 h 15 min to 12 h 37 min
(Weeks 2 to 7) and 11 h 43 min to 12 h 37 min (Weeks 4 to 7), respectively. Estimated dates
associated with these NLs would be as follows for time to visible bud, first color, anthesis and
bract color rating sensitivity: 17-Sept. to 13-Oct., 17-Sept. to 26-Oct., 10-Sept. to 26-Oct. and
1-Oct. to 26-Oct. (unpublished data). These dates are estimated based on the time of photoperiod
perception occurring between sunrise/sunset and civil twilight. The overlap between sensitive
periods identified for Prestige Red in the growth chamber and greenhouse experiments serves to
validate the identified periods of sensitivity to high temperatures.
This pattern of visible bud and anthesis being impacted by high-temperature treatments in
earlier weeks and first color and bract color rating being impacted by high-temperature
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treatments in later weeks is likely because the primary cyathium initiation and development
occurs before bract color formation. In this series of experiments, visible bud was reached before
first color across all cultivars. Additionally, previous research has also indicated that initiation of
the primary cyathium generally occurs at least two weeks before visible bud (Goddard, 1960;
Miller and Kiplinger, 1962; Struckmeyer and Beck, 1960). Therefore, cyathium development
begins several weeks before bract color formation and thus is susceptible to high temperatures
earlier in the growing season.
For all four cultivars in the greenhouse study, the high-temperature control was the most
delayed treatment regarding visible bud, first color and anthesis. However, for Advent Red and
Tikal Red the high-temperature control treatment did not significantly impact bract color rating.
For Freedom Red and Prestige Red, the high-temperature control treatment had significantly
higher bract color ratings compared to the moderate-temperature control. A possible explanation
for these results is that during the eight continuous weeks of high temperatures, floral
development was effectively halted for much of this period resulting in large delays to visible
bud, first color and anthesis. However, when at the end of this 8-week period this treatment
group was placed into moderate-temperatures, it resumed floral development under relatively
longer NLs. Thus, while delayed, this treatment would eventually develop equal to, or greater
bract color compared to the moderate-temperature control. This conclusion is supported by
previous studies that have found a correlation between increased NLs and increased bract color
development (Alden, 2020; Langhans and Larson, 1959; Langhans and Miller, 1959).
From these experiments, there is also evidence indicating a residual effect of high
temperatures on floral development. Across both experiments, Freedom, Tikal and Prestige
experienced delays to anthesis >1 day of delay per day of high-temperature treatment (Fig. 2.5B-
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D and Fig.2.6). Using the Alden (2020) definition of heat delay as ‘a temperature-induced shift
below the maximum rate of progress to flower for a given NL’, the maximum amount of delay
expected per day of high-temperature treatment would be 1 d if progress to flower was entirely
inhibited for that day and then normal development rates resumed immediately as plants were
provided moderate temperatures. However, our results indicate that there is a residual effect of
high temperatures even after plants are placed back into moderate-temperatures when hightemperature treatments are applied at periods of maximum sensitivity.
Knowing specific periods in the growing season when plants are most sensitive to high
temperatures allows growers to make informed decisions regarding greenhouse temperature
management and allows for a more accurate ability to predict flowering times. However,
utilizing cultivars that are tolerant to high temperatures remains the most practical solution for
growers to address heat delay. Advent Red demonstrated tolerance of high temperatures in that it
showed a lower magnitude of response to high temperatures as well as a shorter window of
sensitivity to high temperatures (4-Sept. to 1-Oct.). Tikal Red, Freedom Red and Prestige Red all
experienced a relatively higher magnitude of delay compared to Advent Red, however these
cultivars differed in the overall length of their sensitive period to high temperatures. Prestige
Red, considered a sensitive cultivar to high temperatures, had the longest window of sensitivity
to high temperatures, (4-Sept. to 29-Oct.) followed by Freedom Red (11-Sept. to 22-Oct.) and
Tikal Red (11-Sept. to 8-Oct.). Thus, relative tolerance of high temperatures from highest to
lowest would be as follows: Advent Red, Tikal Red, Freedom Red and Prestige Red. In future
breeding efforts, duration of sensitivity to high temperatures as well as magnitude of response to
high temperatures should be considered when selecting for tolerant cultivars.
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A simple method breeders could use to screen potential new introductions for tolerance
of high temperatures would be to use blackout curtains to obtain a 12-h NL to control the starting
date for flower initiation. Three temperature treatments would be applied; a moderatetemperature control treatment of 18 to 22 °C, a high-temperature treatment of 28 °C applied
during the first 2 weeks of plants being provided the inductive 12-h NL and a high-temperature
treatment of 28 °C applied in weeks 3 and 4 of the inductive 12-h NL. With these treatments, the
breeder would be able to identify the magnitude of response to high temperatures by comparing
finishing times between the high-temperature treatments and the moderate-temperature control.
The breeder would also be able to identify the duration of sensitivity to high temperatures of a
cultivar by comparing the two high-temperature treatments to each other. For example, a cultivar
may show delays to flowering resulting from high temperatures in the first two weeks of the
inductive photoperiod but little to no delays resulting from high temperatures in the subsequent
two weeks of the inductive photoperiod. Therefore, the cultivar would be considered sensitive to
high temperatures but for a relatively short duration. This screening method would allow
breeders to screen for tolerance of high temperatures considering both the magnitude of response
and the duration of the period of sensitivity.
Additional research will be required in order to fully understand the dynamics of
temporal sensitivity to high temperatures in poinsettia. For instance, in natural conditions high
temperatures may occur sporadically, rather than in continuous week-long periods. Research
investigating the impact of high temperatures delivered continuously compared to intermittent
high temperatures would allow for a more accurate ability to predict flowering times and a better
understanding of the mechanisms driving heat delay. Additionally, the relative impact of supra-
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optimal temperatures above and below the 28 °C should be investigated to improve our ability to
predict flowering times.
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Table 2.1 In the greenhouse experiment, poinsettia ‘Advent Red’, ‘Tikal Red’, ‘Freedom Red’
and ‘Prestige Red’ plants were exposed to eight, 1-week, high-temperature treatments as well as
a moderate- (22 °C) and high-temperature (28 °C) control from 4-Sept. to 29-Oct. The ANOVA
table shows the significance of each main effect, including cultivar (Cvr), temperature (Temp)
and their interactions for four flowering responses: days from start of the experiment (4-Sept.) to
first color, visible bud, and anthesis and bract color rating (Greenhouse expt. [Expt. 1]).

Effect

First color
F Ratio Sign.

Visible bud

Anthesis

Bract color rating

F Ratio

Sign.

F Ratio

Sign.

F Ratio

Sign.

Cvr

210.1

***

385.7

***

267.0

***

62.1

***

Temperature

49.7

***

192.5

***

82.3

***

23.1

***

Cvr × Temp

2.2

***

7.6

***

4.5

***

7.1

***

*** = significant at P < 0.001
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Table 2.2 In the growth chamber experiment, poinsettia ‘Prestige Red’ plants were exposed to
seven, 1-week, high-temperature treatments as well as a moderate- (22 °C) and high-temperature
(28 °C) control. A night length of 11 h 01 min was provided at the start of the experiment and
increased by 2 min/d to simulate natural-day conditions at 34.7°N.Lat. The ANOVA table shows
the significance of the main effect, temperature (Temp), across all four floral responses: days
from start of the experiment to first color, visible bud, anthesis and bract color rating (Growth
chamber expt. [Expt. 2]).

Effect
Temperature

First color

Visible bud

Anthesis

Bract color rating

F Ratio

Sign.

F Ratio

Sign.

F Ratio

Sign.

F Ratio

Sign.

65.1

***

21.2

***

31.4

***

24.3

***

*** = significant at P < 0.001
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Table 2.3 In the greenhouse experiment, poinsettia ‘Advent Red’, ‘Tikal Red’, ‘Freedom Red’
and ‘Prestige Red’ were exposed to eight, 1-week, high-temperature treatments as well as a
moderate- (22 °C) and high-temperature (28 °C) control from 4-Sept. to 29-Oct. The table shows
each of the ten temperature treatment groups (columns) and the temperatures applied during each
week of the experiment (rows).
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Table 2.4 In the growth chamber experiment, poinsettia ‘Prestige Red’ was exposed to seven, 1week, high-temperature treatments as well as a moderate- (22 °C) and high-temperature (28 °C)
control. A night length of 11 h 01 min was provided at the start of the experiment and increased
by 2 min/d to simulate natural-day conditions at 34.7°N.Lat. The table shows each of the nine
temperature treatment groups (columns) and the temperatures applied during each week of the
experiment (rows). The night lengths provided during each week of the experiment are displayed
in left-most column.
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Figure 2.1 In the greenhouse experiment, poinsettia ‘Advent Red’ (A), ‘Tikal Red’ (B),
‘Freedom Red’ (C) and ‘Prestige Red’ (D) plants were exposed to eight, 1-week, hightemperature treatments as well as a moderate- (22 °C) and high-temperature (28 °C) control from
4-Sept. to 29-Oct. Average number of days from the start of the experiment (4-Sept.) to visible
bud are reported for the 10 temperature treatments for each of the four cultivars. *, *** indicate
p-values of <0.05 and <0.001, respectively, in relation to the moderate-temperature control. Error
bars represent ±1 SE.

63

64

Figure 2.2 In the greenhouse experiment, poinsettia ‘Advent Red’ (A), ‘Tikal Red’ (B),
‘Freedom Red’ (C) and ‘Prestige Red’ (D) plants were exposed to eight, 1-week, hightemperature treatments as well as a moderate- (22 °C) and high-temperature (28 °C) control from
4-Sept. to 29-Oct. Average number of days from the start of the experiment (4-Sept.) to first
color are reported for the 10 temperature treatments for each of the four cultivars. *, *** indicate
p-values of <0.05 and <0.001, respectively, in relation to the moderate-temperature control. Error
bars represent ±1 SE.
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Figure 2.3 In the greenhouse experiment, poinsettia ‘Advent Red’ (A), ‘Tikal Red’ (B),
‘Freedom Red’ (C) and ‘Prestige Red’ (D) plants were exposed to eight, 1-week, hightemperature treatments as well as a moderate- (22 °C) and high-temperature (28 °C) control from
4-Sept. to 29-Oct. Average number of days from the start of the experiment (4-Sept.) to anthesis
are reported for the 10 temperature treatments for each of the four cultivars. **, *** indicate pvalues of <0.01 and <0.001, respectively, in relation to the moderate-temperature control. Error
bars represent ±1 SE.

67

68

Figure 2.4 In the greenhouse experiment, poinsettia ‘Advent Red’ (A), ‘Tikal Red’ (B),
‘Freedom Red’ (C) and ‘Prestige Red’ (D) plants were exposed to eight 1-week high-temperature
treatments as well as a moderate- (22 °C) and high-temperature (28 °C) control from 4-Sept. to
29-Oct. Upon reaching anthesis, the three primary bracts and the uppermost two stem bracts of
each plant were rated using a qualitative rating going from 0 to 4, where 0 = no red pigmentation,
1 = 1% to 25% red pigmentation, 2 = 26% to 75% red pigmentation, 3 = 76% to 99% red
pigmentation, 4 = 100% red pigmentation. *, **, *** indicate p-values of <0.05, <0.01, <0.001,
respectively, in relation to the moderate-temperature control. Error bars represent ±1 SE.
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Figure 2.5 In the greenhouse experiment, poinsettia ‘Advent Red’ (A), ‘Tikal Red’ (B),
‘Freedom Red’ (C) and ‘Prestige Red’ (D) plants were exposed to eight, 1-week, hightemperature treatments as well as a moderate- (22 °C) and high-temperature (28 °C) control from
4-Sept. to 29-Oct. The number of days delay to anthesis per day of high-temperature treatment
was calculated by subtracting the time to anthesis of the moderate-temperature control from the
time to anthesis of each weekly high-temperature treatment and then dividing by the number of
days of exposure to the high-temperature treatment, e.g., 7 d. *, **, *** indicate p-values of
<0.05, <0.01 and <0.001, respectively, in relation to the moderate-temperature control. Error bars
represent ±1 SE.
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Figure 2.6 In the growth chamber experiment, poinsettia ‘Prestige Red’ plants were exposed to
seven, 1-week, high-temperature (28 °C) treatments as well as a moderate- and high-temperature
control. A night length of 11 h 01 min was provided at the start of the experiment and increased
by 2 min/d to simulate natural conditions at 34.7°N.Lat. Upon reaching anthesis, the three
primary bracts and the uppermost two stem bracts of each plant were rated using a qualitative
rating going from 0 to 4, where 0 = no red pigmentation, 1 = 1% to 25% red, 2 = 26% to 75%
red, 3 = 76% to 99% red, 4= 100% red. Average time (in days) from the start of the experiment
to visible bud (A), first color (B) and anthesis (C) are also reported for the nine temperature
treatments. *, **, *** indicate p-values of <0.05, <0.01, <0.001, respectively, in relation to the
moderate-temperature control. Error bars represent ±1 SE.
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Figure 2.7 In the growth chamber experiment, poinsettia ‘Prestige Red’ plants were exposed to
seven, 1-week, high-temperature treatments as well as a moderate- (22 °C) and high-temperature
(28 °C) control. A night length of 11 h 01 min was provided at the start of the experiment and
increased by 2 min/d to simulate natural conditions at 34.7°N.Lat. The number of days delay to
anthesis per day of high-temperature treatment was calculated by subtracting the time to anthesis
of the moderate-temperature control from the time to anthesis for each weekly high-temperature
treatment and then dividing by the number of days of exposure to the high-temperature
treatment, e.g., 7 d. *, **, *** indicate p-values of <0.05, <0.01, and <0.001, respectively, in
relation to the moderate-temperature control. Error bars represent ±1 SE.
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CHAPTER 3
IDENTIFYING DIURNAL SENSITIVITY OF POINSETTIA FLOWERING TO HIGH
TEMPERATURES
Abstract
The objective of this study was to determine the relative sensitivity of poinsettia (Euphorbia
pulcherrima Willd. ex Klotzsch) flowering to high temperatures within a 24-h cycle. Two
growth chambers were utilized, one provided a moderate-temperature of 22 °C while the other
provided a high-temperature of 28 °C. The day and night lengths in each chamber were 12 h
each. Poinsettia Prestige Red was exposed to high-temperature treatments during the first 6 h of
the day, the last 6 h of the day, the first 6 h of the night or the last 6 h of the night. Additional
treatments included plants that were exposed to the high-temperature treatment for 12 h of the
night or day period, and plants exposed to moderate- or high-temperature treatments for all 24 h.
The temperature treatments were provided for a duration of 2-weeks. Following the treatment
period, all plants were moved to a glass greenhouse to finish flowering in moderate temperatures
(22 °C average daily temperature) under a 12-h night length. Time to visible bud, first color and
anthesis were recorded. High-temperature treatments applied during the last 6 h of the night, the
entire 12 h of the night, and 24-h period resulted in the most significant delays to visible bud,
first color and anthesis. This was followed by high-temperature treatments applied during the
first 6 h of the day and entire 12 h of the day. High-temperature treatments applied during the
first 6 h of the night and last 6 h of the day resulted in the relatively minor delays in flowering.
The last 6 h of the night was determined to have the highest relative sensitivity to high
temperatures followed by the first 6 h of the day.
Introduction
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Poinsettia is a short day (SD) plant which under natural daylength (ND) conditions in the
contiguous U.S. (24.5 to 49.4 °N.Lat.) typically undergoes floral initiation between midSeptember and early-October. High temperatures, particularly during initiation and early stage of
floral development have been shown to delay flowering, a phenomenon known in the industry as
heat delay (Ecke et al., 2004). Several studies have indicated that these delays are primarily
driven by high night temperatures (NT) (Berghage et al. 1987a; Kofranek and Hackett, 1965;
Langhans and Miller, 1959; Larson and Langhans, 1960; Roberts and Struckmeyer, 1938).
Berghage et al. (1987a) provided factorial day temperature (DT)/ NT combinations of 29, 26, 23,
20, 17 and 14 °C under a 14-h night length (NL) on poinsettia ‘Annette Hegg Dark Red’ and
found that NT >26 °C caused significant delays to floral development and bract coloration while
high DT had no significant impact.
Schnelle (2008) provided data that appear to contradict the conclusions drawn from
Berghage et al. (1987). Cultivars Red Velvet, Prestige Red and Barbara Ecke Supreme were
grown at four DT/NT treatments: 23/19, 26/22, 24/24 and 29/24 °C, which provided three
average daily temperatures (ADT); 21, 24 and 27 °C. The experiment was conducted with a 12-h
NL. The 27 °C ADT treatment (29/24 °C DT/NT) had visible bud, first color and anthesis all
significantly delayed compared to the other three temperature treatments. If NT was the driving
factor in causing heat delay, then the 24/24 °C DT/NT treatment should have been equally
delayed compared to the 29/24 °C treatment, which it was not. The author concluded that ADT,
not NT, is responsible for heat delayed flowering of poinsettias.
This apparent contradiction was resolved by Alden and Faust (2021) with their research
on the interaction between photoperiod and temperature. Three DT (20, 24 and 28 °C), four NT
(16, 20, 24 and 28 °C) and five NL (14, 13, 12, 11 and 10 h) were provided in factorial treatment
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combinations for 17 d. When heat-sensitive cultivar Prestige Red was grown at a 12-h NL there
was a linear decrease in progress to flower as DT increased. However, increasing DT did not
negatively impact progress to flower at a 13- or 14-h NL. At a 13- or 14-h NL, increasing NT
decreased progress to flower, particularly when NT was increased from 24 to 28 °C. At a 12-h
NL, increasing NT from 24 to 28 °C also significantly delayed progress to flower. These studies
indicate that under extended 13-14 h NLs, high NT is the primary cause of heat delay. However,
at 12-h NL, high ADT is most impactful as both high DTs and high NTs can contribute to heat
delay. Under ND conditions, poinsettia begin floral initiation when NL is in the range of 11 h
0 min to 11 h 45 min. (Larson and Langhans 1962b) Thus, under ND conditions it is expected
that either high DTs or NTs can contribute to heat delay.
Despite extensive research on diurnal sensitivity of poinsettia to high temperatures, the
relative sensitivity at different points within a day or night has not yet been investigated. Nakano
et al. (2020) performed an experiment in which chrysanthemums were grown under light (h)
/dark (h) periods including 16/16, 8/16, 8/24, 11/13, 8/16, 14/12 and 9/15 and subjected to 4-h
heat pulses at 30 °C at varying times within the light/ dark periods. It was found that hightemperature treatments occurring at the start of the light period had no significant impact on time
to anthesis while the maximum delay to anthesis was observed in high-temperature treatments
occurring 10 to 16 h into the dark period. High-temperature treatments applied earlier or later in
the dark period caused delays to anthesis but to a lesser extent than treatments applied 10 to 16 h
into the dark period. These results suggest that sensitivity to heat is influenced by circadian
rhythms. Additionally, these results indicate that sensitivity to high temperatures in
chrysanthemum gradually increases once a dark period is perceived and then rapidly decreases
once a light period is perceived. As only one heat pulse was applied at the start of the light
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period, it is not possible to determine if sensitivity to high temperatures also varies within the
light period.
If poinsettia, like chrysanthemum, has periods of higher relative sensitivity to high
temperatures within a dark or light period, growers could prioritize cooling during the critical
times leading to improved avoidance of heat delay and possibly lower energy use for greenhouse
cooling. This would also allow for a more accurate ability to predict flowering times based on
temperature data. Therefore, the objective of this study was to determine the relative sensitivity
of poinsettia flowering to high temperatures within a day or night period during a 24-h cycle.
Materials Methods
General practices. One hundred ‘Prestige Red’ cuttings were propagated in a foam medium
(Oasis Rootcubes Plus Wedge, Smithers-Oasis, Kent, Oh.) for 4 weeks under night-interruption
lighting (2200 HR to 0200 HR) consisting of LED bulbs that delivered 1.2 ±0.2 µmol.m-2.s-1.
Cuttings were then transplanted into 1.33-L pots containing a peat-based growing medium
(Fafard 3B, Sun Gro, Anderson, S.C.) and provided night-interruption lighting (2200 HR to
0200 HR) by metal halide lamps that delivered 50.0 ±5.5 µmol.m-2.s-1 until the start of the
experiment. One week after transplant, plants were pinched to five nodes and after an addition
2 weeks, lateral shoots were removed so that two shoots remained on each plant. The most
uniform 48 plants were then selected to begin the experiment. This experiment was repeated
twice, the first replica began on 11-Aug. 2021 while the second replica began on 14-Jan. 2022.
Prior to the start of experimental treatments, two fungicide drenches: azoxystrobin and
etridiazole were applied as preventative measures for controlling rhizoctonia stem rot and
pythium root rot, respectively. The plants were continuously fertigated with Peters Excel Cal-
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Mag Special (15N-5P2O5-15K2O) at 150 mg.L-1 N for the duration of the experiment.
Cyantraniliprole, dinotefuran, thiamethoxam and pymetrozine were used for whitefly control.
Experimental Design. Two growth chambers were utilized, one provided a moderate-temperature
of 22 °C (actual temperature 22.6 ±1.2) while the other provided a high-temperature of 28 °C
(actual temperature 28.4 ±0.9). Both growth chambers were fitted with LED fixtures (Fluence
Bioengineering RAZR 97W LED, Austin, Tx.) providing 175 ± 25 µmol.m-2s-1 at canopy level
and a 12-h NL. The light period started at 1200 HR and ended at 2400 HR while the dark period
started at 2400 HR AND ended at 1200 HR. High-temperature treatments were applied by moving
treatment groups consisting of six plants from the moderate-temperature growth chamber to the
high-temperature growth chamber at specific times within the 24-h cycle (12-h night/ 12-h day)
for a duration of either 6 or 12 h. Two 6-h high-temperature treatments were applied from either
2400 HR to 0600 HR or from 0600 HR to 1200 HR. Additionally, two 6-h high-temperature
treatments were applied from either 1200 HR to 1800 HR or from 1800 HR to 2400 HR. In other
words, high temperatures were applied for either the first or last 6 h of either the night or day
period. Additionally, two 12-h high-temperature treatments were applied for the entire duration
of either the night or day period. Lastly, a group of plants were kept in either the moderatetemperature or high-temperature growth chamber for the entire 24-h cycle to serve as a
moderate- or high-temperature control. These treatments lasted for 2 weeks after which all plants
were moved to a glass greenhouse to finish flowering at moderate temperatures (21.3 ±3°C
ADT) under a 12-h NL. An average DLI of 16.1±4.6 mol.m-2d-1 was recorded during the
finishing period. Treatments were completely randomized in both the growth chamber and
greenhouse environments.
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Data collection. Dates of first color (when 100% of one bract had red pigmentation), visible bud
(primary bracts folding to reveal the primary cyathium) and anthesis (pollen visible on one
stamen within the primary cyathium) were recorded. Additionally, the three primary bracts and
nine subsequent stem bracts were rated using a qualitative rating scale going from 0 to 4 once
anthesis was reached with 0 = no red pigmentation, 1 = 1% to 25% red, 2 = 26% to 75% red, 3 =
76% to 99% red color, 4 = 100% red. Statistical data analysis was performed using JMP Pro (v.
16.0) (SAS Institute Inc., Cary, N.C.). Analysis of variance (ANOVA) tests were conducted to
evaluate the significance of each main effect and their interactions on each of the flowering
responses. Least square means were calculated for each treatment for time from start of
experiment to visible bud, first color and anthesis as well as an average color rating of the upper
five bracts (the three primary bract and two upper stem bracts). Significance of treatment means
were calculated using Fisher’s LSD student’s T test (p<0.05). Fisher’s LSD student’s T test was
chosen to minimize type two statistical errors and to ensure that the significance of individual
high-temperature treatment groups was detected.
Results
Time to visible bud, first color and anthesis were significantly affected by temperature
treatment while bract color rating was not. (Table 3.1). No significant differences occurred
between the two replications of the experiment and thus results were averaged. Delays will be
reported relative to the moderate-temperature control. Time to visible bud was significantly
delayed by all high-temperature treatments. The most significant delay, 12 d, was the result of
high-temperature treatments applied during the last 6 h of the night, 12-h night period and entire
24-h period (high-temperature control). This is followed by the 12-h day high-temperature
treatment that resulted in 9 d delay. A less significant delay of 6 d was observed in the high80

temperature treatment applied during the first 6 h of the day. Finally, high-temperature
treatments applied during the first 6 h of the night and last 6 h of the day caused the least
significant delay of 3 d.
The most significant delay to first color, 11 d, was the result of high-temperature
treatments applied during the last 6 h of the night, 12-h night period and entire 24-h period.
High-temperature treatments applied during the first 6 h of the day and 12 h of the day caused a
less significant delay of 5 d. There was no significant difference in time to first color in hightemperature treatments applied during the first 6 h of the night, last 6 h of the day and the
moderate-temperature control.
Time to anthesis was significantly delayed by all high-temperature treatments. The most
significant delays of 11, 10 and 10 d resulted from high-temperature treatments applied during
the last 6 h of the night, 12-h night period and entire 24-h period. Less significant delays of 7 and
6 d were observed in high-temperature treatments applied during the first 6 h of the day and 12-h
day period. Lastly, high-temperature treatments applied during the first 6 h of the night and last
6 h of the day caused the least significant delay of 3 d.
Discussion
These results demonstrate that within a 24-h cycle, the last 6 h of the night is most
sensitive to high temperatures followed by the first 6 h of the day. In contrast, the first 6 h of the
night and last 6 h of the day are the least sensitive to high temperatures. Regarding time to
visible bud, first color and anthesis, there was no significant difference between the last 6 h of
the night, 12-h night and entire 24 h high-temperature treatments indicating that the delays
experienced in the 12-h night and 24 h high-temperature treatments were primarily due to high
temperatures at the end of the night. Similarly, for first color and anthesis, there was no
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significant difference between high-temperature treatments applied during the first 6 h of the day
and entire 12-h day indicating the response to high DT was primarily driven by high
temperatures in the first half of the day.
Previous research has shown that diurnal fluctuations to light sensitivity in photoperiodic
plants are regulated by circadian rhythms (Claes and Lang, 1947; Coulter and Hamner, 1964;
Harder and Bode, 1943). The diurnal fluctuation of sensitivity to high temperatures observed in
this study indicates that this process may also be regulated by circadian rhythms. Phytochrome
may also play a regulatory role in diurnal sensitivity to high temperatures. If for example,
temperature sensitivity was linked to the inactive form of phytochrome, phytochrome red (Pr).
When a light period was perceived, sensitivity to high temperatures would decrease as (Pr) is
converted to phytochrome far-red (Pfr) (Taiz et al. 2018). Then when the dark period is
perceived, sensitivity to high temperatures would increase as (Pfr) reverts to (Pr). Thus, the latter
portion of the night and early portion of the day would be relatively more sensitive to high
temperatures. Additionally, the different rates at which (Pfr) and (Pr) are interconverted could
help account for the night period being more sensitive than the day period. However, more
research is required to understand the underlying processes driving this phenomenon. A study in
which high-temperature treatments are applied more frequently within a 24-h cycle would
provide higher resolution in which to model diurnal sensitivity to high temperatures.
Additionally, studies conducted under varying photoperiods may be useful in determining the
relationship between temperature sensitivity and circadian rhythms.
Nakano et al. (2020) found that high-temperature treatments applied relatively late into
the night (10 to 16 h from the start of the night) caused significantly more delay to anthesis in
chrysanthemum compared to high-temperature treatments applied earlier in the night. These
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results are consistent with those found in the current study. However, Nakano et al. (2020) also
reported that high-temperature treatments applied at the start of a day period did not cause
significant delays to anthesis. This is in contrast with the results of this study which found hightemperature treatments applied during the first 6 h of the day significantly delayed to time to
anthesis.
There was no significant effect of temperature treatment on bract color rating. This may
be the result of high-temperature treatments being applied for only the first 2 weeks after the
inductive 12 h NL was provided. In the previous weekly heat delay study (Millar 2022, Chpt. 2),
bract color development of Prestige Red was sensitive to high temperatures only in the latter
weeks of each experiment, e.g., from Week 4 to Week 8 (25-Sept. to 29-Oct.) and Week 4 to
Week 7 of the greenhouse and growth chamber experiments, respectively. Therefore, it can be
concluded that the high-temperature treatments provided occurred before bract color
development was sensitive to high temperatures.
Based on the results seen in the previous weekly heat delay study (Millar 2022, Chpt. 2),
the most critical time period for temperature management in poinsettia production varies
between cultivars but in general extends from mid-September to mid-October. The results of this
study help to further narrow this window of critical temperature management. Within the overall
period of sensitivity to high temperatures identified, the later portion of the night to the early
portion of the day is the most critical time period within a given day for temperature
management. Growers should therefore prioritize maintaining lower temperatures during these
times. This may involve the use of exhaust fans and cooling pads typically inactive during the
night and morning. Additionally, growers looking to predict delays in flowering based on
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temperature data should consider high temperatures during this period to be of greater impact
than elevated temperatures outside of this sensitive period.
In the current study it was found that high temperatures applied for only 6 h at the end of
the night caused as much delay as high temperatures applied for the entire 12-h night or 24-h
cycle. Delays to anthesis of 11, 10 and 10 d resulted from high temperatures applied during the
last 6 h of the night, entire 12 h of the night and entire 24 h, respectively. Additionally high
temperatures applied for only 6 h at the beginning of the day generally caused as much delay as
high temperatures applied for the entire day. Delays to anthesis of 7 and 6 d were experienced by
the first 6 h of the day and entire 12-h day high-temperature treatments. This highlights the
greater relative sensitivity to high temperatures during the last 6 h of the night and first 6 h of the
day.
In the previous weekly heat delay study (Millar 2022, Chpt. 2), a protocol was suggested
for breeders screening cultivars for tolerance to high temperatures. Breeders could use blackout
curtains to obtain a 12-h NL and provide three temperature treatments. A moderate-temperature
control treatment of 18 to 22 °C. A high-temperature treatment of 28 °C applied during the first
2 weeks of plants receiving the inductive 12-h NL and a high-temperature treatment of 28 °C
applied in weeks 3 and 4 of the inductive 12-h NL. These treatments would allow the breeder to
identify the magnitude of response and the duration of sensitivity to high temperatures of a
cultivar. Considering the results found in the current study, growers could apply high
temperatures for just the last 6 h of the night each day during the treatment periods and expect
the same response to high temperatures as if the high temperatures were applied for the entire
24 h of each day.
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Table 3.1 Poinsettia ‘Prestige Red’ plants were exposed to high-temperature treatments (28 °C)
during the first 6 h, last 6 h or entire 12 h of the night or day period within a 24-h cycle (12-h
night/ 12-h day) as well as a moderate- (22 °C) and high-temperature (28 °C) control for a
duration of 2-weeks. The ANOVA table shows the F ratio and significance (Sign.) of the main
effect, temperature, across all four floral responses: days from start of the experiment to first
color, visible bud, anthesis and bract color rating.

Effect
Temperature

First color

Visible bud

Anthesis

Bract color
rating

F Ratio

Sign.

F Ratio

Sign.

F Ratio

Sign.

F Ratio

Sign.

25.5

***

41.3

***

23.7

***

1.0

N.S.

N.S., *** = non-significant or significant at P < 0.001
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Table 3.2 Poinsettia ‘Prestige Red’ was exposed to high-temperature treatments (28 °C) during
the first 6 h, last 6 h or entire 12 h of the night or day period within a 24-h cycle (12-h night/ 12h day) as well as a moderate- (22 °C) and high-temperature (28 °C) control for a duration of 2weeks. The table shows each of the eight temperature treatment groups (rows) and the
temperatures delivered during different points within the day or night (columns).
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Figure 3.1 Poinsettia ‘Prestige Red’ plants were exposed to high-temperature (28 °C) treatments
during the first 6 h, last 6 h, or entire 12 h of the night or day period within a 24-h cycle (12-h
night/ 12-h day) as well as a moderate- (22 °C) and high-temperature (28 °C) control for a
duration of 2-weeks. Average time (in days) from the start of the experiment to visible bud (A),
first color (B) and anthesis (C) are reported for the eight temperature treatments. Different letters
represent significant differences between treatment means (p-values of <0.05) using Fisher’s
LSD student’s T test.
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Appendix 1
Concurrent replication of the greenhouse experiment (Expt. 1) in Chapter 2 conducted at
Texas A&M University
Introduction
The greenhouse experiment performed in Chapter 2 of this thesis was replicated
concurrently in Overton, TX during 2020 and 2021. Results from the Overton, TX location
differed significantly from the Clemson, SC location; less temperature treatments showed
significance and treatments that did show significance showed a lower magnitude of response
compared to the Clemson, SC location. This may be due to lower treatment temperatures during
critical periods of sensitivity as well as a lower number of data points collected per treatment
group. While the results from the Overton, TX location were deemed too inconsistent to include
in chapter 2 of this thesis, these results may provide supporting evidence for the conclusions
drawn from this project and may serve as a preliminary trial for subsequent research.
Materials and Methods
General practices. One hundred ten rooted cuttings propagated in Clemson, SC were shipped to
Overton, TX. Cuttings were then transplanted into 1.33-L pots containing a peat-based growing
medium (BM6, Berger, Saint-Modeste, QC). One week after transplant, plants were pinched to
five nodes, and after an additional 2 weeks, lateral shoots were removed so that two shoots
remained on each plant.
Prior to the start of experimental treatments, two fungicide drenches: azoxystrobin and
mefenoxam were applied as preventative measures for controlling rhizoctonia stem rot and
pythium root rot, respectively. The plants were continuously fertigated with a 15N-5P2O5-15K2O
fertilizer at 150 mg.L-1 N for the duration of the experiment. Pesticides pyriproxyfen and
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dinotefuran were used for whitefly control. Temperature measurements were collected every 15 s
and averaged into 15 min increments by an Apogee Silent Sentinel temperature monitor (Apogee
Instruments, North Logan, Ut.) placed at canopy height.
Cultivars. Four cultivars were used in this study: Advent Red, Tikal Red, Freedom Red and
Prestige Red. Advent Red was chosen as it is a very-early-season cultivar, ready to market
around 3-Nov. under ND conditions. It is also considered to be tolerant to high temperatures.
Tikal Red, a sibling variety to Advent Red, was chosen as it has an almost identical phenotype to
Advent Red but has a slightly longer response time and flowers about 10 d later. It is considered
slightly more sensitive to high temperatures than Advent Red but relatively tolerant to high
temperatures. Freedom Red was first introduced in the early 1990s and is still grown in south
Florida due to reliable performance in this high-temperature region of the country. It has a
similar response time to Tikal Red and both cultivars are categorized as early-season cultivars.
Prestige Red was chosen as it is considered to be a cultivar that is sensitive to high temperatures.
It also has the longest response time of all the cultivars tested and thus is categorized as a lateseason cultivar.
Experimental design. This experiment was conducted under ND conditions (32.3°N.Lat.) in two
glass greenhouses; one greenhouse was set to provide an ADT of 22 ° C while the other
greenhouse was set at an ADT of 28 °C during the 8-week treatment period. These two
greenhouses are referred to as the moderate- and high-temperature greenhouses, respectively.
Beginning on 4-Sept., one group of plants was moved each week from the moderate-temperature
greenhouse to the high-temperature greenhouse for 8 weeks. Each group of plants spent 1-week
in the high-temperature greenhouse before being returned to the moderate-temperature
greenhouse. One additional group of plants was kept in either the moderate- or high-temperature
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greenhouse for the entire 8-week period; these treatments are referred to as the moderate- or
high-temperature control. For the year one replication, each treatment consisted of six plants,
while ten plants/treatment were used for year two replication. Treatments were grouped into
complete, randomized blocks consisting of one plant per treatment group per cultivar with each
greenhouse bench containing two to three complete blocks. After the 8-week treatment period,
all plants were moved to a glass greenhouse to finish flowering at 22 °C ADT.
Data collection. Data was collected on one primary shoot tip for each plant. Dates of first color
(when 100% of a bract surface had red pigmentation), visible bud (primary bracts unfolded to
reveal the primary cyathium in the shoot apex), and anthesis (pollen visible on one stamen of the
primary cyathium) were recorded. Additionally, the three primary bracts and nine subsequent
stem bracts were rated at the time of anthesis using a qualitative scale ranging from 0 to 4, where
0 = no red pigmentation, 1 = 1% to 25% red pigmentation, 2 = 26% to 75% red pigmentation, 3
= 76% to 99% red = pigmentation, 4 = 100% red pigmentation. Statistical data analysis was
performed using JMP Pro (v. 16.0) (SAS Institute Inc., Cary, N.C.). Analysis of variance
(ANOVA) tests were conducted to evaluate the significance of each main effect and their
interactions on each of the flowering responses. Least square means were calculated for each
treatment × cultivar for each flowering response, e.g., time from start of experiment to visible
bud, first color and anthesis, as well as an average color rating of the uppermost five bracts on
each stem (the three primary bracts and two upper stem bracts). Significance of treatment means
relative to the moderate-temperature control were calculated using Fisher’s LSD student’s T test
(p<0.05). The goal of the experiment was to identify the weeks in the growing season that
poinsettias are sensitive to high temperatures. For this reason, treatment means were analyzed for
statistical significance relative to the moderate-temperature control to determine the relative
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impact of high temperatures applied during specific weeks. Additionally, Fisher’s LSD student’s
T test was chosen to minimize type two statistical error and to ensure that the significance of
individual high-temperature treatment groups was detected.
Results
There were no significant differences between the two replications of the experiment and
thus results were averaged. Bract color rating, time to visible bud and anthesis had a significant
response to the cultivar × temperature treatment interaction (Table A.1) First color did not have a
significant response to the cultivar × temperature treatment interaction, however both the cultivar
and temperature treatment main effects were significant (Table A.1). The delay in flowering for
the different treatment weeks and cultivars is described relative to the moderate-temperature
control. For example, time to first color for Advent Red was significantly delayed by 5 d from
the high-temperature control treatment, while all other temperature treatments did not
significantly delay time to first color (Fig. 4.2A). None of the temperature treatments
significantly delayed time to visible bud or anthesis for Advent Red (Fig. 4.1A, Fig. 4.3A). Hightemperature treatments occurring on 18-Sept. to 24-Sept., 25-Sept. to 1-Oct., 2-Oct. to 8-Oct., 9Oct. to 15-Oct. and the high-temperature control all significantly reduced final bract color ratings
relative to the moderate temperature control (Fig. 4.4A).
Time to visible bud for Tikal Red was significantly delayed by 5 d from the hightemperature control treatment (Fig. 4.1B). None of the temperature treatments significantly
delayed time to first color or anthesis (Fig. 4.2B, Fig. 4.3B) High-temperature treatments
occurring on 2-Oct. to 8-Oct., 16-Oct. to 22-Oct. and 23-Oct. to 29-Oct. all significantly reduced
final bract color ratings relative to the moderate-temperature control (Fig. 4.4B). High-
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temperature treatments applied on 18-Sept. to 24-Sept. and 25-Sept. to 1-Oct. resulted in
significantly higher final bract color ratings.
Time to visible bud for Freedom Red was significantly delayed 9 d from the hightemperature control treatment (Fig. 4.1C). Time to first color was significantly delayed 7, 8, 7
and 12 d by high-temperature treatments occurring on 25-Sept. to 1-Oct., 2-Oct. to 8-Oct., 9-Oct.
to 15-Oct. and the high-temperature control treatment (Fig. 4.2C). Time to anthesis was
significantly delayed 7 d by the high-temperature control treatment (Fig. 4.3C). Hightemperature treatments applied on 2-Oct. to 8-Oct., 9-Oct. to 15-Oct., 16-Oct. to 22-Oct. and 23Oct. to 29-Oct. resulted in significantly lower final bract color ratings (Fig. 4.4C).
Time to visible bud for Prestige Red was significantly delayed 6 and 24 d by hightemperature treatments occurring on 25-Sept. to 1-Oct. and the high-temperature control
treatment (Fig. 4.1D). High-temperature treatments occurring on 2-Oct. to 8-Oct., 9-Oct. to 15Oct. and the high-temperature control treatment delayed time to first color by 5, 7 and 16 d,
respectively (Fig. 4.2D). Time to anthesis was delayed by 22 d by the high-temperature control
treatment (Fig. 4.3D). High-temperature treatments applied on 2-Oct. to 8-Oct., 9-Oct. to 15Oct., 16-Oct. to 22-Oct. and 23-Oct. to 29-Oct. all significantly reduced final bract color ratings
(Fig. 4.4D). High-temperature treatments applied on 25-Sept. to 1-Oct. and the high-temperature
control treatment resulted in significantly higher final bract color ratings.
Discussion
Overall, the results found in the replications of chapter 1, exp. 1 performed in Overton,
TX showed very little response to high-temperature treatments regarding time to visible bud, first
color and anthesis; with less treatment groups showing significant delays relative to the moderate
temperature control and a lower magnitude of response in treatment groups that did show
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significance. However, results regarding final bract color development were similar between the
two locations tested.
For example, Advent Red did not experience delays to visible bud, first color or anthesis
from any single week of high temperatures. The only delay experienced by Advent Red was a
moderate delay to first color resulting from the high-temperature control treatment. However, a
window of sensitivity was identified in which high-temperature treatments applied between 18Sept. and 15-Oct. significantly reduced final bract color ratings. This is consistent with the
window of sensitivity identified at the Clemson, SC location which was from 18-Sept. to 1-Oct.
Tikal Red showed similar results. No single week of high temperatures significantly
delayed time to visible bud, first color or anthesis. The only delay experienced was a moderate
delay to time to visible bud resulting from the high-temperature control. However, a window of
sensitivity was identified in which high-temperature treatments applied between 2-Oct. and 29Oct. reduced final bract color ratings. While high temperatures applied the week of 9-Oct. to 15Oct. did reduce final bract color ratings, this treatment was not significantly different from the
moderate-temperature control treatment. Again, there is an overlap between the window of
sensitivity identified at the Overton, TX location for final bract color development and the
window of sensitivity identified at the Clemson, SC location, 25-Sept. to 8-Oct.
For Freedom Red, only the high-temperature control treatment significantly delayed time
to visible bud and anthesis. However, for time to first color, high temperatures delivered between
25-Sept. and 15-Oct. caused significant delays as well as the high-temperature control.
Additionally, high temperatures applied between 2-Oct. and 29-Oct. significantly reduced final
bract color ratings. For the Clemson, SC location, windows of sensitivity to first color and final
bract color were 11-Sept. to 8-Oct. and 25-Sept. to 22-Oct, respectively. Thus, regarding
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sensitivity of bract color development to high temperatures, the results from these two locations
are consistent.
Time to visible bud for Prestige Red was significantly delayed by high-temperature
treatments applied between 25-Sept. and 1-Oct. as well as the high-temperature control
treatment. High-temperature treatments occurring between 2-Oct. and 15-Oct. significantly
delayed time to first color as well as the high-temperature control treatment. Time to anthesis
was delayed only by the high-temperature control treatment. High-temperature treatments
applied between 2-Oct. and 29-Oct. all significantly reduced final bract color ratings. Windows
of sensitivity regarding time to visible bud and anthesis did overlap between the two locations,
however the Overton, TX location demonstrated much shorter durations of sensitivity compared
to the Clemson, SC location. Sensitive periods regarding first color and final bract color rating
were more comparable between the two locations.
An explanation for these results may be that the Overton, TX location did not deliver
high enough temperatures during critical periods of sensitivity to induce delays to visible bud,
first color and anthesis. The average daily temperatures maintained in the high-temperature
greenhouses during the 8-week treatment period were very similar for the Clemson, SC and
Overton, TX locations, 27.8 ±1.6 °C and 27.7 ±3.0 °C, respectively. However, the results
obtained in chapter 3 of this thesis should be considered when examining this temperature data.
It was determined that within a 24-h period, the most sensitive time period is the latter portion of
the night followed by the early portion of the day. The early portion of the night and latter
portion of the day were determined to be significantly less sensitive to high temperatures.
The average temperatures during this sensitive time period (0000 HR to 1200 HR), in the hightemperature greenhouses during the 8-week treatment period were 27.6 ±0.7 °C for the Clemson,
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SC location and 26.6 ±2.8 °C for the Overton, TX location. Thus high-temperature treatments
applied at the Overton, TX location were on average a full degree cooler than those applied at the
Clemson, SC location during the most sensitive time period of the day.
Additionally, at the Overton, TX location six plants per treatment group were utilized in
the first replication and ten plants per treatment group were utilized in the second replication
with data being collected on just one primary shoot. This resulted in sixteen total data points
being collected per floral response per treatment group. In contrast, at the Clemson, SC location,
eight plants per treatment group were utilized in the first replication and ten plants per treatment
group were utilized in the second replication with data being collected on two shoots. This
resulted in thirty-six total data points being collected per floral response per treatment group.
This resulted in larger errors in the Overton, TX location compared to the Clemson, SC location.
These larger errors may have also contributed to the lack of significant treatments regarding time
to visible bud, first color and anthesis found at the Overton, TX location.
Despite lower treatment temperatures during critical time periods and larger errors,
results regarding final bract color development were very similar between the two locations. This
may indicate the response to high temperatures for final bract color development saturates at
lower temperatures than the response to high temperatures for time to visible bud, first color and
anthesis. Therefore, relatively lower, supra-optimal temperatures can still have a significant
impact on final bract color development.
While the Clemson, SC location found evidence suggesting that there can be a residual
impact of high temperatures when applied at peak periods of sensitivity, this was not found at the
Overton, TX location. Again, this is most likely due to the relatively lower temperatures
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experienced by high-temperature groups during critical periods of diurnal sensitivity at the
Overton, TX location.
In summary, the results from the Overton, TX location serve to demonstrate the greater
sensitivity of poinsettia to high temperatures during the latter portion of the night and early
portion of the morning. Additionally, these results may indicate that relatively lower, supraoptimal temperatures can have a significant impact on final bract color development, while
higher temperatures are needed to impact the timing of visible bud, first color and anthesis.
However, to validate these conclusions subsequent research would need to be performed to
determine diurnal sensitivity of poinsettia to high temperatures under natural photoperiodic
conditions and the impact of supra-optimal temperatures above and below 28 °C on poinsettia
floral development.
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Table 4.1 Poinsettia ‘Advent Red’, ‘Tikal Red’, ‘Freedom Red’ and ‘Prestige Red’ plants were
exposed to eight, 1-week, high-temperature treatments as well as a moderate- and high
temperature control from 4-Sept. to 29-Oct. The ANOVA table shows the significance of each
main effect, including cultivar (Cvr), temperature (Temp) and their interactions for four
flowering responses: days from start of the experiment (4-Sept.) to first color, visible bud, and
anthesis and bract color rating.

Effect

First color
F Ratio Sign.

Visible bud

Bract color
rating

Anthesis

F Ratio

Sign.

F Ratio

Sign.

F Ratio

Sign.

Cvr

268.8

***

239.7

***

213.3

***

31.4

***

Temperature

5.7

***

8.0

***

2.0

*

36.6

***

Cvr × Temp

1.2

NS

2.1

**

1.7

*

14.9

***

NS, *, **, ***, = non-significant or significant at P < 0.05, 0.01, or 0.001, respectively
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Table 4.2 Poinsettia ‘Advent Red’, ‘Tikal Red’, ‘Freedom Red’ and ‘Prestige Red’ plants were
exposed to eight, 1-week, high-temperature treatments as well as a moderate- and high
temperature control from 4-Sept. to 29-Oct. The table shows the average daily temperatures and
standard deviations for the moderate- and high-temperature greenhouses utilized during each of
the 8 weeks of temperature treatments.

Date
Sept. 4-10
Sept. 11-17
Sept. 18-24
Sept. 25- Oct. 1
Oct. 2-8
Oct. 9-15
Oct. 16-22
Oct. 23-29

Moderate-temperature greenhouse
Average daily
Standard
temperature
deviation
25.0
3.1
24.4
2.9
21.7
2.6
22.0
2.3
22.4
3.4
22.9
2.7
21.3
2.4
21.2
1.8
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High-temperature greenhouse
Average daily
Standard
temperature
deviation
28.7
4.3
27.4
3.1
26.5
2.7
28.1
2.9
28.1
3.1
28.1
2.9
27.7
3.1
26.8
2.1

Table 4.3 Poinsettia ‘Advent Red’, ‘Tikal Red’, ‘Freedom Red’ and ‘Prestige Red’ were
exposed to eight, 1-week, high-temperature treatments as well as a moderate- and high
temperature control from 4-Sept. to 29-Oct. The table shows the average temperatures (from
0000 HR to 1200 HR) and standard deviations for the moderate- and high-temperature
greenhouses utilized during each of the 8 weeks of temperature treatments.

Date
Sept. 4-10
Sept. 11-17
Sept. 18-24
Sept. 25- Oct. 1
Oct. 2-8
Oct. 9-15
Oct. 16-22
Oct. 23-29

Moderate-temperature greenhouse
Average temperature °C Standard
(0000 to 1200 HR)
deviation
23.6
2.6
23.0
2.5
20.8
2.4
21.2
2.0
21.2
2.9
22.1
2.3
20.5
2.0
20.9
1.6
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High-temperature greenhouse
Average temperature °C Standard
(0000 to 12:00 HR)
deviation
27.1
4.2
25.9
2.9
25.4
2.3
27.0
2.6
27.2
2.9
27.1
2.7
26.6
2.8
26.1
1.8
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Figure 4.1 Poinsettia ‘Advent Red’ (A), ‘Tikal Red’ (B), ‘Freedom Red’ (C) and ‘Prestige Red’
(D) plants were exposed to eight, 1-week, high-temperature treatments as well as a moderateand high-temperature control from 4-Sept. to 29-Oct. Average number of days from the start of
the experiment (4-Sept.) to visible bud are reported for the 10 temperature treatments for each of
the four cultivars. *, **, *** indicate p-values of <0.05, <0.01, <0.001, respectively, in relation
to the moderate-temperature control. Error bars represent ±1 SE.
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Figure 4.2 Poinsettia ‘Advent Red’ (A), ‘Tikal Red’ (B), ‘Freedom Red’ (C) and ‘Prestige Red’
(D) plants were exposed to eight, 1-week, high-temperature treatments as well as a moderateand high-temperature control from 4-Sept. to 29-Oct. Average number of days from the start of
the experiment (4-Sept.) to first color are reported for the 10 temperature treatments for each of
the four cultivars. *, **, *** indicate p-values of <0.05, <0.01, <0.001 respectively, in relation to
the moderate-temperature control. Error bars represent ±1 SE.
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Figure 4.3 Poinsettia ‘Advent Red’ (A), ‘Tikal Red’ (B), ‘Freedom Red’ (C) and ‘Prestige Red’
(D) plants were exposed to eight, 1-week, high-temperature treatments as well as a moderateand high-temperature control from 4-Sept. to 29-Oct. Average number of days from the start of
the experiment (4-Sept.) to anthesis are reported for the 10 temperature treatments for each of the
four cultivars. *, *** indicate p-values of <0.05, <0.001 respectively, in relation to the moderatetemperature control. Error bars represent ±1 SE.
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Figure 4.4 Poinsettia ‘Advent Red’ (A), ‘Tikal Red’ (B), ‘Freedom Red’ (C) and ‘Prestige Red’
(D) plants were exposed to eight, 1-week, high-temperature treatments as well as a moderateand high-temperature control from 4-Sept. to 29-Oct. Upon reaching anthesis, the three primary
bracts and the uppermost two stem bracts of each plant were rated using a qualitative rating
going from 0 to 4, where 0 = no red pigmentation, 1 = 1% to 25% red pigmentation, 2 = 26% to
75% red pigmentation, 3 = 76% to 99% red pigmentation, 4 = 100% red pigmentation. *, **, ***
indicate p-values of <0.05, <0.01, <0.001, respectively, in relation to the moderate-temperature
control. Error bars represent ±1 SE.
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Figure 4.5 Poinsettia ‘Advent Red’ (A), ‘Tikal Red’ (B), ‘Freedom Red’ (C) and ‘Prestige Red’
(D) plants were exposed to eight, 1-week, high-temperature treatments as well as a moderateand high-temperature control from 4-Sept. to 29-Oct. The number of days delay to anthesis per
day of high-temperature treatment is calculated by subtracting the time to anthesis of the
moderate-temperature control from the time to anthesis of a given weekly high-temperature
treatment divided by the number of days exposed to the high-temperature treatment (7 d). Error
bars represent ±1 SE.
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Appendix 2
Weekly representative photographs were taken of each treatment group from the
Chapter 2 (Clemson, SC location) and Chapter 3 experiments. The columns represent the
different treatment groups tested for each experiment, and the rows designate the date in which
the representative photo was taken. These photographs serve as a visual representation of the
progress to floral development of a treatment group for each cultivar and experiment.

Chapter 2 Greenhouse experiment (Expt. 1)
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Chapter 2 Greenhouse experiment (Expt. 1)

Chapter 2 Greenhouse experiment (Expt. 1)
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Chapter 2 Greenhouse experiment (Expt. 1)

Chapter 2 Growth chamber experiment (Expt. 2)
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Chapter 3 Diurnal heat delay experiment
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